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Abstract 
In this research, the PhD candidate pursued the development of hydrogen (H2) 
gas sensors, lithium-ion batteries (LIBs) and dye-sensitized solar cells (DSSCs) 
based on anodized nanoporous niobium pentoxide (Nb2O5). The PhD candidate 
successfully synthesized two types of nanoporous Nb2O5 morphologies via 
electrochemical anodization techniques: highly ordered nanoporous vein-like 
structures and nanochannels. The nanoporous vein-like structure was synthesized in 
ethylene glycol containing a small amount of ammonium fluoride (NH4F) and 
deionized-water at an elevated temperature. While, the nanochannels structure was 
obtained by synthesizing niobium in glycerol based electrolyte containing 10 %wt of 
potassium phosphate (K2HPO4) at a relatively higher temperature. The anodization 
was conducted on both niobium foil and sputtered niobium films deposited on 
fluorine doped tin oxide (FTO) glass substrates.   
Nb2O5 is potentially a great material for developing semiconducting gas 
sensors. The physical and chemical properties of this material, at its various 
stoichiometries, can be favorability tuned to obtain enhanced sensitivity to selected 
target gas species. Highly ordered nanoporous structures offer high surface to 
volume ratios, suitable surface energies, and an optimum spacing for the interactions 
with many target gas molecules. As such, the anodized Nb2O5 was investigated for 
gas sensing in this PhD research. The implementation of anodized nanoporous vein-
like structures as a gas sensor for H2 gas molecules was for the first time carried out. 
The PhD candidate controlled the synthesis process and produced ~1 and ~2 μm 
thick Nb2O5 nanoporous films for gas sensing and carefully characterized them. In 
this study, the devices were coated with Pt and exposed to H2 gas of different 
concentrations and temperatures (in a range from room temperature to 100 °C). Their 
viii 
 
behaviors and sensing performance were investigated and found to exhibit better 
sensor performance with faster response and recovery time when compared to that 
Nb2O5 H2 gas sensors previously reported. The study showed that the enhanced 
performance was due to increased surface area and the reduced embedded ionic 
defects.  
Considering the continuous and highly packed vein-like network with many 
lateral interconnections, which provide excellent channels for the fast transfer of both 
Li
+
 ions and electrons, the PhD candidate targeted the nanoporous vein-like 
structures films for the development of superior electrodes for LIBs. With 4 μm thick 
Nb2O5 nanoporous films on foil, the LIBs had delivered durable capacity within the 
operating voltage window of 1.0–3.0 V vs. Li/Li+, with a reversible capacity of 201 
mAh g
–1
 after 300 cycles at a current density of 0.4 Ag
–1
. To date, this is the best 
reported rate performance of LIBs based Nb2O5 films. Furthermore, this device also 
demonstrates safe LIBs operation due to a higher, V ≥ 1.0, discharge cut-off voltage 
which reduces dangerous high-temperature reactions, some of the features that 
evidenced the augmented performance of the created electrodes.  
In the last stage of this research, the PhD candidate chose Nb2O5 as a suitable 
photoanode material for DSSCs due to its wide band gap, the favourable location of 
the conduction band edge and long electron lifetime. Photoanode with nanoporous 
vein-like structures and nanochannels morphologies were also expected to absorb a 
high amount of loaded dye. At the time that this PhD research started, there was no 
report on anodized nanostructured Nb2O5 for DSSCs. In this PhD project, 5 μm thick 
Nb2O5 nanoporous vein-like structures and nanochannels on FTO were successfully 
synthesized via the anodization techniques using the solutions that were described. 
The PhD candidate identified that for the same thickness of 5 μm, the DSSCs based 
ix 
 
on Nb2O5 nanoporous vein-like structures had a significantly higher efficiency (~3.45 
%) when compared to that incorporating a Nb2O5 nanochanneled film (~2.2 %). After 
a comprehensive investigation, the PhD candidate ascribed this to a combination of 
reduced electron scattering, as well as longer effective electron lifetime in the Nb2O5 
nanoporous vein-like structures, owing to the less concentration of defect states in 
those films. Finally, the PhD candidate fabricated 5 to 25 μm thick Nb2O5 
nanochanneled films onto niobium foils and incorporated them for the fabrication of 
DSSCs. Overall, the DSSCs incorporating a 10 μm thick Nb2O5 nanochannels 
showed the highest efficiency of 4.48%. The thorough study by the PhD candidate 
indicated that, in larger than this optimum thickness films, the injected electrons 
faced a longer path length to complete the circuit, while impeded by a higher number 
of recombination centres, promoting more obstructed free charge carrier transport. In 
this research, the PhD candidate also discovered that the selection of electrolyte 
composition during anodization is essential in order to produce reduced impurity-
driven defect states in anodized nanoporous Nb2O5.  
In summary, the author believes that the outcomes of this PhD research provide 
readers with an in-depth knowledge regarding the capabilities that anodized Nb2O5 
films provide in enhancing effects for specific applications. The author also believes 
that this study has contributed significantly towards in the advancement of functional 
transition metal oxides field and creating exciting new knowledge. 
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Chapter 1 
 
 
Introduction 
1.1 Motivation 
Niobium pentoxide (Nb2O5) is a metal oxide compound with great potential but to 
date this has yet to be fully realized. Interest in Nb2O5 can be dated back to the early 
1940s when the polymorphs of Nb2O5 were first studied [1, 2]. Nb2O5 has many 
polymorphic forms Nb2O5 exists in a variety of polymorphs which gives rise to an 
interesting series of structural phases. The phases are generally based on NbO6 
octahedral groups, forming various configurations from the rectangular blocks or 
columns [3]. Nb2O5 is relatively abundant in nature and has high corrosion resistance 
as well as being thermodynamically stable [4-6]. 
In the very early stages of research on Nb2O5, this material was mostly 
studied in bulk or thin layer forms as well as in suspensions [7-9]. The very first 
applications of Nb2O5, as a functional material, were investigated catalysts and 
electrochromism [10-14]. The unique performance of Nb2O5 in such studies was due 
to an understanding of applications, its energy band diagram and identification of 
crystal phases, created the initial interest among researchers to explore more of this 
metal oxide’s capabilities. Nb2O5 has grown in popularity in recent years and a 
variety of morphologies ranging from large size bulk crystals to different 
nanostructures have been reported [15-21]. In particular, nanostructured Nb2O5 offers 
high surface to volume ratios and quantum confinement effects that enable unique 
physical and chemical interactions to occur at the surface. As a result, such 
morphologicalnano manipulations significantly influence the optical and electronic 
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properties of Nb2O5 leading to unique observations that are not seen in its bulk 
forms. Similarly, the chemical and physical properties of Nb2O5 can also be modified 
via other routes such as the incorporation of foreign ions, alteration of the crystal 
phase and post synthesis heat treatment [22-24]. 
More recently, attention on Nb2O5 has gained more momentum due to 
applications other than electrochromism and catalysis. Especially, thin films and 
nanostructured Nb2O5 have been utilized in sensors, batteries and solar cells [17, 25-
27]. As such, this PhD research focuses on the development of the following systems 
based on Nb2O5 to explore its capabilities and novelties. 
1.1.1 Sensors based on Nb2O5  
Like other metal oxides such as titanium dioxide (TiO2) and zinc oxide (ZnO), 
Nb2O5 has shown great potential to be used as a sensing material. Sensor devices 
based on Nb2O5 for gas, humidity, biological and chemical sensing as well as 
photodetection have been successfully demonstrated. Generally, the main parameters 
for good sensing device performance are the size, morphology, aspect ratio, 
intergranular connectivity, porosity, surface energy, stoichiometry and surface area 
to volume ratio of the incorporated sensing material [28, 29].  
In 1983, Kondo et al. reported the first Nb2O5 gas sensors for oxygen (O2) 
[30]. Before the nanostructured form of Nb2O5 had been introduced in to a gas 
sensor, generally techniques such as radio frequency (RF) magnetron sputtering was 
used to deposit dense Nb2O5 films [31-34]. Several studies applied metal catalysts 
such as platinum (Pt) and palladium (Pd) onto the surface of Nb2O5, which could 
promote chemical reactions between the target gas and the oxide film and 
consequently, increase the sensing capability [35, 36]. The types of sensing methods 
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or principles that have so far been reported were mainly based on conductometric, 
voltammetric, chronoamperometric and Schottky contact sensors [31-33, 35-44]. 
Depending on the type of gas species, reducing or oxidizing, the interaction between 
the gas molecules and the Nb2O5 films changes the charge carrier concentration and 
the potential barrier of the Nb2O5 films. These affect the physio-chemical property of 
the films corresponding to the gas constituents exposed to the sensor. So far, the 
investigated gases that have been examined using Nb2O5 are O2, hydrogen (H2), 
dissolved O2, carbon monoxide (CO), ammonia (NH3) and a number of hydrocarbons 
(HCs) [31-33, 35-44]. For humidity sensing, pellet type Nb2O5 sensors have been 
explored by Yadav et al. [45]. More recently, Fiz et al. have synthesized single-
crystalline Nb2O5 nanorods and SnO2/Nb2O5 core-shell heterostructures by chemical 
vapor deposition (CVD) method [46]. The results have demonstrated that the growth 
of the nanoscopic Nb2O5 overlayer on SnO2 nanowires introduced defects in the 
structure, which influenced the electronic properties of the material and enabled the 
design of more efficient humidity sensor. 
Due to the chemical stability and corrosion resistance of Nb2O5, the material 
has also been explored for pH and ascorbic acid measurements [5, 47]. Furthermore, 
Nb2O5 has also been used as a working electrode in electrochemical based DNA 
biosensors [48, 49].  
Beside gas, chemical and biological sensing, it has been demonstrated that 
Nb2O5 with its wide bandgap and long electron life time, is a good candidate for 
making fast ultraviolet (UV) photodetection systems [50]. Fang et al. have shown 
that a photodetector based on individual Nb2O5 nanobelts resulted in a high external 
quantum-efficiency (EQE) of > 6000% [51].  
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1.1.2 Batteries based on Nb2O5  
The development of energy storage devices based on lithium-ion batteries (LIBs) 
have created great interest among researchers and Nb2O5 is certainly a favorable 
material for creating such storage devices [52-54]. Developing devices that can store 
sustainable energy with long term stability, very prolonged cycle life and meeting 
environmental constraints as well as safe operating potential windows (in the range 
of 1.0 ≤ V ≤ 3.0 V vs. Li+/Li) are the main goals of this field.  
The study of Nb2O5 as an electrode material for lithium ion cells started in the 
early 1980s [55, 56]. The observations by Reichman et al. demonstrated that Nb2O5 
can undergo intercalation with Li
+
, leading to the possibility of repeated charging and 
discharging [55]. Subsequently, a LIB based on a Nb2O5 cathode was studied 
extensively by the Kumagai group [56-64]. The structural changes of the Nb2O5 
cathodes which are caused by discharging and recharging were investigated using X-
ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD) and X-ray 
absorption fine structure (XAFS) analysis methods [56, 58]. They suggested that 
tetragonal-Nb2O5 exhibited the best cycling performance with a large discharge 
capacity of 190 mAh g
–1 
for up to 30 cycles. XRD analysis suggested that the 
orthorhombic- and tetragonal-Nb2O5 maintain their original crystal lattices, 
accompanying a small change in the cell volume even after the Li
+
 intercalation. 
However, the two-dimensional layered structure of tetragonal-Nb2O5 was suggested 
to be the best for accommodating a large concentration of the intercalating ions [58]. 
Investigations of Nb2O5 LIBs using several electrolytes and different amounts of 
graphite in the electrodes have also been reported [64]. It was observed that the 
discharge capacity decreased with decrease in the graphite content, and declined to 
20 - 120 mAh per gram
 
oxide in the graphite content range 0 - 10 wt.%. Furthermore, 
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there are also reports on the application of sputtered Nb2O5 as a LIB electrode [61, 
63]. Nakazawa et al. reported the battery with the sputtered Nb2O5 negative electrode 
of the thickness of 100 nm showed most favourable charge-discharge properties with 
the capacity of 310 – 380 mAh cm–3 for 500 times cycling curve [63]. 
Obviously the incorporation of nanostructured Nb2O5 should enhance the 
performance of LIBs. Nb2O5 nanobelts were the first nanostructured Nb2O5 to be 
used as an electrode material in LIBs which reported a potential window of 3.0-1.2 V 
(vs. Li
+
/Li) [65]. LIBs made of Nb2O5 nanobelts demonstrated a high reversible 
charge/discharge capacity, high rate capability with excellent cycling stability as 
large as 180 mAhg
1 
after 50 cycles which could work smoothly even at a high 
current density of 10 Ag
1
. Le Viet et al. reported LIBs based on three different 
polymorphs of Nb2O5 nanofibers prepared by an electrospinning method and 
annealing treatment [26]. Among pseudohexagonal-, orthorhombic- and monoclinic-
Nb2O5 nanofibers, the monoclinic based LIB showed the highest capacity, lowest 
capacity fading and good cycling stability. In addition, Li et al. demonstrated that 
Nb2O5 nanocrystals coated with a thin layer of a homogeneous carbon shell as an 
electrode demonstrated a relatively long cycle life (130 mAhg
1
 after over 300 
cycles) by preventing the Nb2O5 volume change and pulverization during the charge-
discharge process [66]. A study on Ta-substituted Nb2O5 nanofibers and Nb2O5 
nanocomposites with various vanadium oxide contents - based LIBs have also been 
discussed elsewhere [67, 68]. A report on a battery based on a Nb2O5 anode with a 
KS-6 graphite cathode showed it to be an inherently safe energy storage system due 
to no oxygen release from the cathode materials, no lithium dendrite formation and 
no possibility of overcharge from the electrode/electrolyte reaction [69]. However, 
the cell capacity and cycling stability of such devices are still considered to be low. 
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Sasidharan  et al. demonstrated a LIB based on Nb2O5 hollow nanospheres which can 
deliver high capacity of 172 mAhg
1
 after 250 cycles of charge/discharge that 
maintained electrode structural integrity with an excellent cycling stability even after 
exposing it to a high current density 6.25 Ag
1 
[20]. In this work, the enhanced LIB’s 
performance was attributed to the hollow cavity coupled with the nanosized Nb2O5 
shell domain that facilitated fast lithium intercalation/deintercalation kinetics. 
Meanwhile, anodic Nb2O5 electrodes for LIB applications have been reported by Yoo 
et al. [70].  The discharge capacity of 53 μAh cm−2 was obtained in 800 nm thick 
Nb2O5 without a surface dissolution layer at a potential window of 1.2 – 3.0 V. 
1.1.3 Solar cells based on Nb2O5  
Nb2O5 films are promising candidates for developing solar cells in the form of dye-
sensitized and heterojunction architectures. Since their discovery by Grätzel in 1991, 
dye sensitized solar cells (DSSCs) have been extensively studied as they offer the 
potential for clean, reliable, cost effective and on-site energy generation [71]. 
Increasing the efficiency of DSSCs depends on improving every single element in 
their structure, including: photoanode, dye, electrolyte and counter-electrode. 
However, the development of the most suitable photoanode will still have the most 
significant impact on the DSSCs’s performance [71]. Nb2O5 has recently drawn 
considerable attention as a promising photoanode in view of its wider band gap (due 
to its higher conduction band edge) as well as comparable electron injection 
efficiency and better chemical stability in comparison to TiO2 [19, 72, 73]. These 
properties of Nb2O5 can potentially enhance the DSSCs’ efficiency by increasing the 
open circuit voltage (Voc) and photoconversion efficiency (η) [74].  
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Several studies have been reported on the synthesis of Nb2O5 photoanodes 
which were obtained using hydrothermal, chemical anodization, sol-gel coating and 
pulsed laser deposition (PLD) techniques [17, 19, 75-80]. To date, the highest 
conversion efficiencies of more than 6% have been exhibited by devices with a 
hydrothermally grown Nb2O5 photoanode with the optimum thickness of ~11 μm 
[78]. Very recently, Ou et al. have established an anodization method to obtain 
Nb2O5 nanovein-network photoanodes with large surface areas and low number of 
impurity defects for DSSCs [19]. The photoanodes with no detectable impurities 
exhibited longer electron lifetimes, indicating more suitability in preventing charge 
recombination and possible enhancement of the conversion efficiency. However, the 
efficiency of the overall devices incorporating these photoanodes was still relatively 
low (~ 4.1 %) which was attributed to the lack of the optimum thickness frameworks. 
Nb2O5 has also been incorporated as a counter electrode in DSSCs. Wu et al. 
and Lin et al. have reported a significant conversion efficiency between 4.65 to 
5.82 % in DSSCs using a Nb2O5 counter electrode with a TiO2 photoanode [81, 82]. 
In these studies, the types of gases used during the annealing treatment and changes 
in crystallinity of the Nb2O5 counter electrode were reported as a factor that 
influenced the DSSCs’ efficiency. Additionally, several researchers have applied 
Nb2O5 films as a blocking layer in DSSCs. Thin Nb2O5 films fabricated by spray 
pyrolysis, sputtering, sol-gel and dip coating methods have been used as potential 
blocking layers between the contact electrode and the TiO2 layer, improving the Voc 
which created a better conversion efficiency for TiO2 based DSSCs [83-87]. 
Furthermore, it has been shown that a Nb2O5 film could play an essential role in 
increasing the efficiency of the DSSCs as a layer between the TiO2 photoanode and 
electrolyte [88-90]. This increase was attributed to the coating which either 
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prevented the recombination of electrons and holes due to the barrier effect or the 
change in the energy level of the TiO2 conduction band [90]. However, other 
investigations have disregarded those factors and claimed that the improvement in 
the performance of the cell could be attributed to an enhancement in the charge 
injection efficiency promoted by Nb2O5 [88].  
For polymer based bulk heterojunction solar cells, Nb2O5 thin films 
commonly act as electron transport layers [91, 92]. It has been found that Nb2O5 
films are compatible with and have good adhesion properties to many polymer layers 
[91]. Wiranwetchayan et al. reported that very thin Nb2O5 films between the electron 
collecting electrodes and active layers were necessary to promote the formation of 
continuous uniform active layers and thus blocking the holes in those layers from 
being recombined with the electrons in the collecting electrode [92]. However, 
further investigations of such polymeric solar cells should be considered in order to 
obtain higher conversion efficiencies.    
1.1.4 Research gap: Nb2O5 for the development of sensors, 
batteries and solar cells  
Most of such investigations on Nb2O5 presented in Sections 1.1.1 to 1.1.3 are still in 
their infancy and much more research should be conducted to explore the true 
capabilities of this material around targeted applications of sensing as well as 
batteries and solar cells developments. Thus, more comprehensive studies on Nb2O5 
should be conducted to provide further insight for researchers who intend to use this 
material for such applications. 
Based on the aforementioned justifications and motivations, the PhD candidate 
made an informed decision to focus on Nb2O5 as the core material in this research 
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which is involved in the development of hydrogen gas sensors, LIBs and DSSCs. In 
conducted this research, an important aspect is the choice technique for the synthesis 
of nanostructured of Nb2O5. It is decided that the method should be a high 
throughput, low cost, and low energy intake. The nanostructured Nb2O5 should be 
highly porous and ordered to allow an increased surface to volume ratio for sensing 
applications. In addition to being ordered and highly porous, the synthesis method 
should allow the fabrication of thick Nb2O5 thin films for the creation of high 
efficiency LIBs and DSSCs. One of the most suitable and highly controlled synthesis 
methods to grow the nanostructures of metal oxide is the electrochemical anodization 
process, which has been effectively demonstrated in previous studies [93, 94]. As 
such for the investigations of this PhD research, the candidate decided to implement 
the anodization method.  
Anodization offer many advantages. It is a cost-effective process and produces 
highly ordered porous structure with controllable pore size and thickness [93, 95-97]. 
In the anodization process, the formation of pores structure is attributed to the field-
enhanced oxide dissolution at a local surface in the electrolytes. The final 
morphologies of the anodized oxide films are strongly influenced by the properties of 
electrolytes (recipe and the temperature of the electrolyte) and the applied potentials. 
Normally, nanoporous or directional and continuous nanostructures can be produced, 
with properties of confined paths for charge transfer, the augmentation of the 
surface-to-volume ratios as well as structural dimensions comparable to the Debye 
length [98]. The author of this thesis made an informed decision that the utilizations 
of these kinds of nanostructures can potentially enhance the performances of gas 
sensors, LIBs and DSSCs and offer tremendous opportunities for a PhD project.  
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At the time that this PhD research commenced there were only a few reports on 
the utilization of anodized Nb2O5 in sensors, LIBs and DSSCs [19, 36, 70]. As a 
result, obvious possibilities for new discoveries were identified which are presented 
as the objective of this PhD research.  
1.2 Objectives 
According to the presented arguments in the Motivations Section, one of the 
objectives of this PhD project is to fundamentally investigate the formation of 
nanostructured Nb2O5 using electrochemical anodization techniques under well 
designed parameters, and comprehensively study the developed material for creating 
hydrogen gas sensor, LIBs and DSSCs. To carry out the proposed research by the 
author, the following objectives outline the aspects considered in this work: 
 
i) Studying the fundamental properties of Nb2O5 as a key material for hydrogen 
gas sensors, LIBs and DSSCs. 
ii) Fundamentally understanding the proposed devices operation principles and 
investigating the relevant mechanisms that affect their performances. 
iii) Exploring the formation of Nb2O5 nanostructures using the anodization 
processes and studying the parameters that affect their morphologies and 
stoichiometry. Investigating synthesis of nanoporous and nanochannelled 
films using the electrochemical anodization technique applied on foil and 
fluorine doped tin oxide (FTO) glass. 
iv) Characterizing these developed nanostructured Nb2O5 and investigating their 
crystal structures, stoichiometries and structural impurities using various 
techniques such as scanning electron microscopy (SEM), transmission 
electron spectroscopy (TEM), XRD, XPS, and energy dispersive X-ray 
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(EDX) as well as various spectroscopy techniques such as Raman 
spectroscopy and UV-Vis spectroscopy. 
v) Fabricating hydrogen gas sensors, LIBs and DSSCs based on these anodized 
nanostructured Nb2O5 films. Focusing on any related technique to improve 
the quality, performance and efficiency of the fabricated devices. 
vi) Characterizing and investigating the performances of the developed devices 
and evaluating them with incorporated Nb2O5 that are formed using various 
anodization parameters, to explore the basis of the enhancements of their 
performances:  
1.3 Thesis organisation 
Based on the motivation and objectives highlighted by the author, this thesis consists 
of seven chapters, which are listed follows: 
 
In Chapter 2, the author presents a comprehensive literature review on Nb2O5. This 
chapter will discuss recent research on the fundamental properties and variety of 
synthesis techniques which are used for the formation of thin films and 
nanostructured Nb2O5.  
 
In Chapter 3, the author covers her work on synthesizing and characterising the 
anodized Nb2O5 nanoporous vein-like networks on foil, and the fabrication of the 
Nb2O5 nanoporous Schottky based sensors coated with a platinum (Pt) catalyst. The 
author investigates the effect of film thickness of nanoporous Nb2O5 for hydrogen 
gas sensing.  
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In Chapter 4, the author presents her research on Nb2O5 nanoporous vein-like 
networks based LIBs. The author describes the synthesis and device fabrication 
processes. Furthermore, the author presents the outcomes of the material 
characterization and their effect on electrochemical analysis and battery’s 
performance.  
 
In Chapter 5, the author of this thesis presents her work conducted on the 
development of DSSCs based Nb2O5 nanoporous and nanochannels on FTO 
substrates. She describes the synthesis of Nb2O5 nanoporous and nanochannels by the 
anodization of RF sputtered niobium metal deposited on FTO, and present the films 
characterization. The author also provides detailed insights into the DSSCs 
performance by these two structures.  
 
In Chapter 6, the author presents her work conducted on synthesizing and 
characterising the anodized Nb2O5 nanochannels on foil for DSSCs applications. The 
author investigates the effect of film thickness on DSSCs performance. 
 
Finally, in Chapter 7, the author concludes this PhD thesis and presents the future 
outlooks of the research relevant to this thesis. The author also lists all the 
achievements during this PhD project. 
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Chapter 2 
 
 
Literature review  
 
  
2.1 Introduction 
 
In Chapter 1, the author emphasized on the motivation and objectives of this PhD 
research using Nb2O5 as an important material for the development of systems 
including gas sensors, lithium-ion batteries (LIBs) and dye-sensitized solar cells 
(DSSCs). To achieve the objectives of this PhD research, the author conducted a 
comprehensive literature review on the properties of Nb2O5 in order to obtain 
collective information prior the development of the proposed systems incorporating 
this material. 
In this chapter, the author presents a general overview on Nb2O5 that includes 
the fundamental properties and synthesis methods. The chemical and physical 
properties of Nb2O5 are discussed. In addition, many of the common methods for 
synthesizing thin films and nanostructures of Nb2O5 are presented with separate 
sections on liquid and vapour phase techniques. 
A comprehensive review covering the Nb2O5’s fundamental properties and 
synthesis methods as well as major applications based on Nb2O5, which were covered 
in the Motivation section, were organized as a review paper was published in the 
Journal of Materials Chemistry A. 
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2.2 Fundamental properties 
In the following section, an overview of the basic properties of Nb2O5 including 
crystal structure, electronic band diagram and electrical properties are presented.  The 
fundamentals of the optical, mechanical and thermal properties of Nb2O5 are also 
discussed.  
2.2.1 Crystal structure  
Nb2O5 is a transparent (due to its large band gap), air-stable and water-insoluble solid 
material with a relatively complicated structure that displays extensive 
polymorphism [1]. There are almost 15 polymorphic forms of Nb2O5 that have so far 
been reported, however, the most common crystal phases are generally 
pseudohexagonal (TT-Nb2O5), orthorhombic (T-Nb2O5), and monoclinic (H-Nb2O5) 
[1-4]. As shown in Figure 2.1(a), after any relatively low temperature synthesis route 
amorphous Nb2O5 is normally obtained and then crystallizes at ~500 ºC into TT or T 
phases, at medium-temperature (~800 ºC) transforms into the M (tetragonal) or B 
phase, and above ~1000 ºC it forms the H phase [5]. Despite this general temperature 
effect, the method of preparation, the nature of the starting material and the presence 
of impurities as well as interactions with other components also play decisive roles in 
the formation of the resulting Nb2O5 crystal [2, 5]. H-Nb2O5 is the most 
thermodynamically stable crystal phase and is always produced when heated to 
temperatures above 1000 ºC, while the TT- and M- Nb2O5 forms are mostly 
metastable [2, 6]. It is important to mention that in some reports, Nb2O5 crystal 
phases have been re-designated as γ = T, β = M, and α = H [1]. However, there are 
still many inconsistencies regarding the identification of Nb2O5 crystal phases. Some 
investigators suggested that the M is simply disordered H phases [5] whereas M-
Nb2O5 has been reported as a tetragonal Nb2O5 phase by Mertin et al. [6].  
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 Some of the crystallographic properties of the different crystal phases of 
Nb2O5, with reference to their associated literature, are presented in Table 2.1. The 
unit cells of TT-, T- and H-Nb2O5 crystals are shown in Figures 2.1(b), (c) and (d), 
respectively. A unit cell of TT-Nb2O5 contains half of the formula equivalent with a 
constitutional defect of an oxygen atom per unit cell [7]. Each niobium (Nb) atom is 
at the center of four, five or six oxygen atoms on the ab-plane and an Nb-O-Nb-O 
chain structure exists along the c-axis. Thus, the oxygen deficiency leads to the 
distortion of these polyhedra. Meanwhile, the T-Nb2O5 phase is built up with the 
orthorhombic unit cell [7]. Each Nb atom is surrounded by six or seven oxygen 
atoms, making distorted octahedra or pentagonal bipyramids. These polyhedra are 
connected by edge- or corner-sharing in the ab-plane and by corner-sharing along the 
c-axis [7]. The TT and T phases of Nb2O5 have quite similar X-ray diffraction 
patterns where the main difference is that some reflections that are split in T-Nb2O5 
occur as one peak in the XRD patterns of the TT-Nb2O5 phase [1, 5]. The broadening 
of peaks in TT (or the splitting of the corresponding peaks in T) is due to the 
occupancy of niobium atoms in separate, but closely-spaced, equivalent sites in the T 
form, giving rise to the split peaks observed from certain reflections, and the ability 
of Nb to occupy either of these sites or places between in the TT form, resulting in 
broadening of the same peaks in XRD patterns of TT [5]. These observations suggest 
that TT-Nb2O5 is a less crystalline form of T-Nb2O5, stabilized by impurities such as 
OH
–
, Cl
–
, or oxygen vacancies [5]. The monoclinic lattice of H-Nb2O5 contains ReO3 
type blocks of 3×4 and 3×5 groups consisting of NbO6 octahedra [7]. These blocks 
are coupled by edge-sharing with a shift of half a unit cell dimension along the c-
axis. NbO6 units are joined up by corner-sharing with each other within a block [7]. 
One of the 28 Nb atoms in each unit cell is present in a tetrahedral site, which occurs 
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at some block junctions [1, 8]. M-Nb2O5 has similarity with the H-Nb2O5 crystal 
structure, which contains 4×4 of ReO3 type blocks [2, 6]. This was concluded from 
the close relationship of the X-ray powder diagram of the M- and H- forms, which 
agree in a large number of reflections [2].  
 
 
Figure 2.1: (a) Alteration of Nb2O5 crystal phase as a function of temperature [5]. Atomic 
representation of (b) pseudohexagonal (TT-Nb2O5), (c) orthorhombic (T-Nb2O5) and (d) 
monoclinic (H-Nb2O5) [7]. 
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Table 2.1: Lattice parameters of TT, T, M and H phase of Nb2O5. 
Crystal phase 
Space 
group 
 Lattice constant  
Temperature 
(ºC) 
Refs. 
a (Å) b (Å) c (Å) 
Pseudohexagonal (TT) P6/mmm 3.60 3.61 3.92 500  [4] [9] [10] 
Orthorhombic (T) Pbam  6.19 3.625 3.94 - [9] [11, 12] 
Tetragonal (M) I4/mmm 20.44 3.83 3.82 900 [6] [13] 
Monoclinic (H)   
β = 119.9° ± 0.4°            
P12/m1, 
P2, P2/m 
21.14 3.82 19.45 >1000  [4] [2, 14] [15] 
[11] [16] [17] 
 
2.2.2 Band energy diagram and electrical properties  
In electronic device development based on metal oxides, several properties of the 
incorporated materials are of utmost importance. These include the band energy 
diagram, electrical conductivity and dielectric permittivity. Nb2O5 is a wide band gap 
n-type semiconductor with a conduction band comprised of empty Nb
5+
 4d orbitals 
and has a conduction band value of 0.2 – 0.4 eV higher than titanium dioxide (TiO2) 
[18]. Its band gap energy (Eg) values have been reported to be in the order of 3.1 
(semiconducting) to 5.3 eV (insulating with conductivity of, σ = ~310–6 S cm–1) 
[19-21]. Band gap tunability of Nb2O5 is possible and factors such as stoichiometry, 
crystallinity, heat treatment and incorporated foreign ions can dramatically influence 
the band gap energy. Previous studies have also shown that a decreasing the 
dimensions of Nb2O5 into the nanoscale results in a blue shift of the energy gap, 
which can be attributed to the quantum-size effect [22]. Significantly, nanostructured 
Nb2O5 possesses grain dimensions that can critically influence the electronic 
structure of the material [23].  
Viet et al. experimentally determined the band gap of crystalline Nb2O5 
nanofibers (hexagonal, orthorhombic and monoclinic) which had been sintered at 
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three different temperatures (500, 800 and 1100 ºC) [4]. Based on the Tauc plots 
derived from the absorption spectra in Figure 2.2(a), they found that the 
pseudohexagonal (labelled as H-Nb2O5), orthorhombic (labelled as O-Nb2O5) and 
monoclinic (labelled as M-Nb2O5) forms of Nb2O5 exhibited band gaps of 3.85, 3.77 
and 3.79 eV, respectively [4]. Meanwhile, Abe reported that the powder-synthesized 
orthorhombic Nb2O5 had a band gap value of 3.4 eV, while that of monoclinic Nb2O5 
gave a reported value of 3.1 eV [24]. Moreover, the same author also investigated the 
effect of doping on the energy band gap of Nb2O5 by incorporating different 
concentrations of germanium (Ge) in the monoclinic Nb2O5 films. The optical 
absorption edge of the monoclinic Nb2O5 which is derived using the Kubelka-Munk 
function was observed at 3.1 eV without Ge doping which shifted up to 3.35 eV as 
the Ge concentration was increased [24]. The incorporation of tungsten and 
molybdenum into Nb2O5 has also been reported as well as the treatment of Nb2O5 
with hydrogen peroxide in order to manipulate the band gap of Nb2O5 [25].  
Recently, Liu et al. fabricated single-crystalline nanoporous Nb2O5 nanotubes 
using a two-step solution route; the growth of uniform single-crystalline Nb2O5 
nanorods and the following ion-assisted selective dissolution along the [001] 
direction [26]. The band gap of Nb2O5 nanotubes and nanorods are 3.97 and 3.72 eV, 
respectively (Figure 2.2(b)). As mentioned previously, the 0.25 eV difference was 
due to the blue shift of the absorption edge for the porous nanotubes compared to 
solid nanorods which is due to the quantum size effect in hollow Nb2O5 nanotubes 
[26]. The same effect was also observed by Brayner et al. in the transmission 
spectrum of Nb2O5 particles: a significant blue shift of the absorption edge was 
observed and therefore the band gap increased from 3.4 eV to 4.2 eV, as the particle 
size of Nb2O5 decreased from about 40.0 nm to 4.5 nm [27]. The effect of grain size 
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on the band gap of Nb2O5 was also presented by Agarwal et al. [28], although they 
suggested that the energy of the absorption edge is influenced by both the size and 
local coordination of the grains. 
In Nb2O5, like other semiconductors, the concentration of charge carriers is 
directly related to the defect structure of the metal oxide which is dependent on 
temperature and oxygen pressure [29]. Greener et al. conducted a detailed analysis of 
the relation between conductivity of α-Nb2O5 (monoclinic) and temperature under 
ambient oxygen pressure [30]. As presented in Figure 2.3, they showed that an 
increase in temperature and decrease in oxygen partial pressure increased the 
conductivity of α-Nb2O5. These results are in excellent agreement with the 
measurements by Kofstad and Chen et al. [31, 32].  
To scale down the physical dimensions of integrated circuits, investigating of 
high permittivity (high-κ) materials is important for reducing the leakage current in 
integrated capacitors and gate insulators. Based on experimental measurements and 
first-principles calculations, Clima et al. reported that the relative dielectric 
permittivity of sol-gel deposited Nb2O5 to be 77 for the orthorhombic phase, 58 for 
the δA-hexagonal phase and 38 for the δB-hexagonal phase [33]. They found that the 
dielectric constant of Nb2O5 strongly depended on the crystal structure and from the 
inspection of the permittivity tensors revealed that the dielectric constants are 
anisotropic. More recently, Nb2O5 thin films were grown by atomic layer deposition 
using novel precursor chemistry for metal-insulator-metal (MIM) capacitors  with a 
relative permittivity of 28  [34]. However, after annealing at 650 ºC, the films’ 
relative permittivity values increased to 45–50 due to the enhanced crystallinity of 
the films. In addition, Cavigliasso et al. reported that the dielectric constant of  
Nb2O5 films created electrochemically by electrooxidation depended on the 
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electrolyte used, and resulted in dielectric constant values over the range of 49 to 120 
[35].  
Electronic mobility is another important parameter in semiconductor device 
development especially for field effect transistors (FETs). A mobility value of 
7×10
−2 
cm
2/Vs for α-Nb2O5 at a temperature of 1200 ºC was reported by Yahia [36]. 
Further, it has been shown that the mobility is increased by increasing the 
temperature. 
 
Figure 2.2: Tauc plot of (αhv)2 vs. photon energy (hv) of (a) hexagonal, orthorhombic and 
monoclinic Nb2O5 nanofibers [4], (b) orthorhombic Nb2O5 nanorods and  nanotubes 
measured at room temperature [26]. α is defined as absorption the coefficient.  
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Figure 2.3: (a) Electrical conductivity of sintered α-Nb2O5 and electrical conductance of 
Nb2O5 single crystal versus 1/ T for specimens heated in air. (b) Electrical conductivity of 
sintered α-Nb2O5 versus oxygen partial pressure [30].  
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2.2.3 Optical properties 
As mentioned in section 2.2, the band gap of Nb2O5 ranges between 3.1 and 
5.3 eV. As a result, Nb2O5, depending on its crystallinity and grain morphology can 
efficiently absorb light in the near ultraviolet (UV) and UV regions of the spectrum 
or it can be used as a transparent material to UV light. Nb2O5 has been identified as 
being capable of reversible and rapid coloration in the presence of intercalating ions 
such H
+
 and Li
+
 ions. It has been reported that this phenomenon can modulate the 
Nb2O5 optical transmission from a quasi-transparent state (T~ 85 %) to less than T~ 
10 % in the UV, visible or near infrared (IR) range, and can exhibit either a blue or 
brown colour depending on the crystallinity of the film [37-40].  
The optical properties of Nb2O5 have been experimentally studied via various 
techniques such as spectrophotometry and spectroscopic ellipsometry [41-44]. The 
refractive index value of Nb2O5 films has been reported to be in the order of 2 to 2.3 
[42, 44]. Also the crystallinity of the film plays a significant contribution to the 
refractive index of the material as it decreases from 2.30 to 2.20 after being annealed 
from the room temperature to 700 ºC [41].  
2.2.4 Mechanical properties 
Besides the electronic and optical properties, an investigation of the mechanical 
properties of Nb2O5 is also of major importance for the fabrication of electronic 
devices especially for the development of flexible mechanical devices and actuators 
such as micro electro-mechanical system (MEMS) devices. Stress or strain 
commonly occurs in thin films depending on the deposition process and constraints 
imposed by the substrate. The average hardness (H) and Young’s modulus (Er) 
values of as-sputtered Nb2O5 films have been reported to be in the order of 5.6 to 6.8 
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GPa and 117 to 268 GPa respectively, which is again influenced by  the crystal phase 
[41, 45]. 
In flexible device applications, the bending test is essential to perform in 
order to monitor the effects of stretching on the device output and to make sure that 
all the component layers are stable even after several thousand flexes. Some of the 
appropriate flexibility tests and other related mechanical tests for electronic devices 
have been described in detail elsewhere [46-49]. Hota et al. have demonstrated that 
sputtered Nb2O5 thin films (∼50 nm thickness) on flexible polyethylene terephthalate 
(PET) substrates show high mechanical flexibility in a repetitive bending test [50]. A 
collapsing radius test, which is one of the common bending test techniques, was 
applied to MIM capacitors based on sputtered Nb2O5 thin films, and the obtained 
results show endurance of up to 2500 flexes.  
2.2.5 Thermal properties 
In an electronic system, heat dissipation is an acute problem due to miniaturization 
and the increasing power of microelectronic circuits. Thus, thermal conductor 
materials with high thermal conductivity and a low coefficient of thermal expansion 
(CTE) are essential for the purpose of heating and cooling. For Nb2O5, a limited 
number of studies have been carried out on its thermal properties. An investigation of 
the high-temperature thermal expansion of monoclinic Nb2O5 was conducted using 
X-ray and dilatometric techniques by Manning et al. [51]. The results revealed that 
the lattice thermal expansion of Nb2O5 is anisotropic where the mean coefficients in 
the a, b, and c directions were 5.3×10
6
, 0 and 5.9×10
6
 ºC
–1
,
 
respectively. Previous 
works also demonstrated the low thermal expansion behaviour of Nb2O5 over the 
temperature range of 20 to 1000 °C [52, 53]. In addition, another report demonstrated 
a negative thermal expansion of Nb2O5 at relatively high temperatures as large as 
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500 °C  which was attributed to the recombination of the microcrack network formed 
during cooling [54, 55]. There are just a few reports regarding the Seebeck 
coefficient of Nb2O5 [56]. It has been reported that its Seebeck coefficient changes 
from 0.5 to 1.2 mV/C when the temperature changes from 500 to 1000 C.  
 
2.3. Synthesis of Nb2O5 
Nb2O5 has been synthesized using many approaches and the key motivation in 
choosing the right synthesis method is its capability in tuning the properties of Nb2O5 
(mostly crystal phase and morphology). In this section, we have chosen the most 
common synthesis methods and classified them into two major categories: liquid and 
vapour phase based. In addition, complementary methods are also presented.  
2.3.1 Liquid phase deposition methods 
Liquid phase techniques include methods such as hydrothermal, anodization, sol-gel 
and electrodeposition. These methods are chosen due to their low capital cost, 
relatively low operating temperatures and high control over Nb2O5’s properties in 
comparison to vapour phase deposition techniques, which is crucial for the 
fabrication of cheap and low-heat-tolerant substrates. 
 2.3.1.1 Hydrothermal and solvothermal 
Hydrothermal (in water) and solvothermal (in other solvents such as acetone and 
isopropyl alcohol) synthesis techniques are simple methods that have been utilised to 
produce metal oxide crystals. These methods involve an ionic source of metal in a 
solution which is heated at an elevated temperature for a certain period of time. For 
the deposition of Nb2O5, the solution of Nb
5+
 ions is sourced either via the interaction 
of niobium metal in an acid or base or the dissolution of a niobium salt such as 
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niobium chloride, niobium ethoxide, or ammonium niobium oxalate (see Table 2.2).  
The solvents are then heated at a temperature in the range of 100 – 600 ºC for 
duration of a few hours to several days (see Table 2.2). Normally, this process allows 
the nucleation and growth of naturally crystalline Nb2O5 to proceed. Nanostructured 
Nb2O5 such as nanorods, nanobelts, nanospheres and other configurations are also 
possible to synthesis using these hydrothermal or solvothermal methods. A brief 
summary of the type of nanostructured Nb2O5 that can result from such methods is 
presented in Table 2.2. Figure 2.4 presents a selection of the type of Nb2O5 
nanostructures that have been achieved using a few selected hydrothermal or 
solvothermal methods. Due to the high-aspect-ratio properties and high surface area 
that can be obtained, these methods offer great potential for obtaining Nb2O5 that can 
be used in various specific applications including lithium-ion batteries, dye-
sensitized solar cells and photocatalysis applications [57-61].  
2.3.1.2 Anodization methods 
Anodization is one of the most widespread nano-fabrication methods due to its 
capability of forming highly porous and ordered oxide morphologies [73, 74]. In a 
typical anodization experiment, a potential is applied between two electrodes; 
working and counter electrode, which are both immersed in a liquid electrolyte. An 
electrical current or voltage is then applied, which results in electrochemical 
reactions occurring on the surface of the metal electrode (working electrode) and an 
oxide film is formed. The growth and morphology of the anodic oxide film strongly 
depends on the applied anodization potential, the composition of the electrolyte 
(aqueous, organic solvent with or without water and etching agent content), the 
electrolyte temperature, and the anodization duration. The as-anodized Nb2O5 films 
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are mainly amorphous and require a post-annealing treatment to be converted into 
highly crystalline and stoichiometric Nb2O5.  
 
 
 
Figure 2.4: Scanning electron microscopy (SEM) images show the morphologies of the 
hydrothermally or solvothermal synthesized Nb2O5: (a) nanosheets [57], (b) nanotrees [62], 
(c) nanorods [63], (d) mesoporous spheres [64], (e) nanoparticles [59] and (f) hexagonal 
nanoplatelets [65].  
34 
 
Table 2.2: Summary of Nb2O5 nanostructures obtained using hydrothermal and solvothermal 
processes and their synthesis conditions.  
Morphology 
Dimension 
(nm) 
Solution 
Temperature 
(ºC) 
Duration 
(h) 
Crystal phase 
Nanograins, 
nanorods and 
nanoplatelets 
[65] 
D: 50 - 80 
L:> 1000 
NbCl5 and ethanol 
in cyclohexanol 
200 - 240 8 - 90 Orthorhombic for 
T > 225 ºC 
Nanoparticles 
[66] 
D: 18 – 35 NbCl5 in anhydrous 
benzyl alcohol 
250 72 Pseudohexagonal  
Nanopowder 
[67] 
L: < 80 Niobium 
pentabutoxide in 
toluene 
300 2 Pseudohexagonal 
Nanobelts [68] T: ~15 
W: ~60 
Nb powder in urea 170 - 200 24 -336 N/A 
Nanocables and 
nanorods [69] 
D: 50 - 80 
L:> 1000 
NbCl5 and ethanol 
in cyclohexanol 
200 - 240 8 - 90 Orthorhombic 
Nanorods [70] D: 50 Nb powder in 
distilled water 
200 72 - 720 Orthorhombic 
Nanosheets 
[57] 
T: 3 - 5 NbO2 powder in 
distilled water and 
ethanol containing 
1 M urea 
130 72 - 720 Orthorhombic and 
monoclinic 
Mesoporous 
[71]  
- NbCl5 in ethanol 
mixed with triblock 
copolymer 
dissolved in 
distilled water 
110 24 Orthorhombic 
after calcined at 
600 ºC 
Mesoporous 
spheres [64] 
D: 400 - 500 Niobium ethoxide, 
diethylene glycol 
and acetone in water 
180 4 - 12 Pseudohexagonal 
Nanospheres 
[61]  
D: 20 – 50 
 
Ammonium niobate 
oxalate hydrate in 
distilled water 
580 1 Pseudohexagonal 
Nanorods [61] D: 5 – 20 
L: 100 - 500 
Ammonium niobate 
oxylate hydrate and 
oleic acid in 
trioctylamine 
180 2 - 6 Pseudohexagonal 
Nanotrees [62] D: 30 - 500 Lithium hydroxide 
in HF acid  
150 - 200 20 - 40 Pseudohexagonal 
Nanorods [63] D: 50 - 100 Ammonium fluoride  150 24 - 144  Orthorhombic for 
duration > 48 h 
Nanoparticle 
[59] 
D: 9 - 35 Ammonium 
niobium oxalate and 
hydrogen peroxide 
in distilled water  
100 - 175 2 - 24 Orthorhombic 
Hollow 
microspheres 
[72] 
D: 1000 - 
2000 
Nb2O5, LiOH and  
NH3·H2O in H2O2 
240 24 Pseudohexagonal 
after calcined at 
500  ºC 
Nanocomposite 
[58] 
D: 25 - 29 Ammonium niobate 
oxalate hydrate, 
sucrose and HCl in 
deionized water 
180 12 Pseudohexagonal 
Nanorods [60] D: 22  
L: 230 
NbCl5 in HCl 210 24 Monoclinic after 
calcined at 450 ºC 
*(D = dimension, L = length, W = width and T = thickness) 
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Studies on anodic Nb2O5 films have been conducted as early as the 1960s. 
Draper et al. presented work that was undertaken to study the anomalies in published 
work on the structure of the anodic films formed on niobium (Nb) and how the 
physical nature of the film material might influence the growth rate [75]. Later, a 
study on anodic Nb2O5 film properties (i.e., resistivity, dielectric constant) was 
presented by Wood et al. [76]. Other early studies on anodized Nb2O5 surface 
morphology and crystallization analysis using an electron microscope, electron-beam 
crystallization and reflection electron diffraction have been reported elsewhere [77, 
78]. 
The anodization of Nb has been intensively studied in various electrolytes 
(sulfuric acis, phosphoric acid, NaOH, HF, glycerol, ethylene glycol, fluoride, and 
phosphorus based solutions). Most of the reported anodic Nb2O5 films consist of 
highly nanoporous structures on a Nb foil substrate [79-85].  In one of the most 
important reports, conducted by Habazaki et al, the effect of water content on the 
formation of porous Nb2O5 anodized in a K2HPO4-glycerol electrolyte as well as that 
of elevated temperature was discussed [79]. They showed that by reducing the water 
content to 0.08 mass%, the porous film growth rate markedly increased (as thick as 
28 μm) at 160 C, which is associated with the increased field strength by a higher 
concentration of phosphorus species (Figure 2.5(a)). Ou et al. later reported the 
creation of a three dimensional (3D) vein-like nanostructured network in an 
electrolyte consisting of ethylene glycol with NH4F and small content of water 
(~4 vol%) [86]. In all of these processes, an elevated temperature was applied based 
on the hypothesis that it increases the ion diffusion rate during the anodization 
process.  
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Apart from a nanoporous structure, microcones were also obtained by Nb 
anodization in an electrolyte containing deionized water with a low concentration of 
HF and NaF (Figure 2.5(b)) or in a glycerol electrolyte containing K2HPO4 [87-90]. 
Wei et al. reported anodized nanotubes of Nb2O5 up to 4 μm thick by optimizing the 
anodization of Nb in an NH4F based glycerol electrolyte [91]. Recently, Lee et al. 
reported the first anodization procedure to produce highly ordered nanochannels of 
Nb2O5 grown in glycerol containing K2HPO4 electrolyte at 180 ºC [92]. They showed 
that the channel length could be adjusted from a few hundred nm to several tens of 
μm. Lee et al. were successful in growing films of thick nanochannels of Nb2O5 by 
pre-heating the electrolyte at 200 ºC before conducting the anodization in order to 
reduce the water content [92]. 
 
 
Figure 2.5: Cross-sectional SEM images of (a) Nb2O5 nanoporous anodized in 0.8 mol dm
–3
 
K2HPO4–glycerol electrolytes with 0.08 mass% water at 160 ºC (the inset is high 
magnification image of the respective anodic films) [79], and (b) Nb2O5 cones anodized at 
20 V in HF(aq) containing 100 mg NaF electrolyte solution [89].  
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2.3.1.3 Sol-gel methods 
The sol-gel process is a simple wet-chemical method that involves the conversion of 
selected monomers into a colloidal solution (sol). The sol acts as the precursor for the 
formation of an integrated network (or gel) which can be eventually used for creating 
discrete particles or connected networks [93]. The deposition of the final oxide films 
using a sol-gel process is normally conducted by methods such as dip- or spin 
coating, electrospinning, or drop-casting. Despite its simplicity, there are some 
limitations as well. The bonding can be weak, resulting in inhomogeneity in 
subsequent films. There are also certain difficulties in controlling the reaction rate 
and porosity [94-96]. 
The preparation of Nb2O5 via sol-gel methods was first reported by Alquier et 
al. in 1986 [93, 97]. The typical precursors used for Nb2O5 films synthesised via sol-
gel processes are quite similar to the hydrothermal or solvothermal methods, 
containing a mixture of niobium salt and its solvent. The sol-gel Nb2O5 films 
generally require a post-annealing treatment in order to induce crystallinity. Schmitt 
et al. have reported a sol-gel based Nb2O5 thin film by dissolving NbCl5 powder in 
butanol and acetic acid [39]. The Nb2O5 films were deposited by dip-coating and then 
annealed at 400 – 600 ºC to obtain the TT crystal. Similar procedures have also been 
demonstrated by other researchers using different precursors such as niobium 
ethoxide and ammonium niobium oxalate [37, 98-108]. As can be seen from Figure 
2.6(a), (b) and (c), films consisting of nanoparticle structures are normally obtained 
by dip or spin coating deposition techniques [104, 107]. Different structural 
morphologies of Nb2O5 have been demonstrated by Viet et al. using electrospinning 
which resulted in Nb2O5 nanofibers as shown in Figure 2.6(d), (e) and (f) [4]. These 
nanofibers were synthesized from a polymeric solution prepared from 
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polyvinylpyrrolidone (PVP) and niobium ethoxide in ethanol and hydrolyzed using 
acetic acid. 
 
 
Figure 2.6: SEM images of annealed Nb2O5 prepared by (a, b, c) dip-coating sol-gel method 
[104, 107, 108] and (d, e, f) electrospinning sol-gel method [4].  
 
2.3.1.4 Electrodeposition 
Electrodeposition can be considered as a common method for the fabrication of 
nanostructured materials in the form of thin films, powders and composites [109]. 
This process often involves a two electrode configuration immersed in an electrolyte, 
where a metal oxide film forms at the cathode in contrast to the anodization method 
described in section 2.3.1.2. The aqueous electrolyte used for Nb2O5 
electrodeposition generally contains niobium ions and hydrogen peroxide (H2O2) 
[110, 111].  
In one of the very first electrodeposition reports, Zhitomirsky performed 
electrodeposition by applying a constant current density of 20 mA/cm
2 
at 1 ºC for 
20 min in an electrolyte mixture of NbCl5 and H2O2 [109, 110]. The produced Nb2O5 
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thin films exhibited microporosity with a thickness of 0.3 μm, were crack free and 
adhered well to the substrate. Non-aqueous electrolytes can also be used in 
electrodeposition but they need to have some supporting electrolyte to allow the 
conduction of current. Kamada et al. added 0.01 M iodine (I2) and bromine (Br2) into 
acetone as an electrodeposition electrolyte to obtain Nb2O5 films [112]. Although the 
addition of I2 into acetone induced anodic oxidation of the metal anode, subsequent 
electrochemical dissolution and cathodic deposition did not take place. The addition 
of Br2 has been found to promote both anodic dissolution and electrodeposition of 
Nb species. 
 
2.3.2 Vapour phase deposition methods 
In general, vapour phase deposition is a process to fabricate layers of materials from 
the condensation of their vaporized sources under favourable environments. There 
are two major categories of vapour phase deposition: physical vapour deposition 
(PVD) and chemical vapour deposition (CVD). 
2.3.2.1 Physical vapour deposition (PVD) 
PVD techniques are used for depositing a wide variety of films with thicknesses 
which vary from a few angstroms to several millimetres. The deposition of a film is 
through the evaporation of the precursors into a vapour phase by physical approaches 
such as ion bombardment, heat, electron beam or laser irradiation followed by the 
condensation of the vapour phase on the required substrate [113, 114].  
So far, sputtering has been the most reported PVD technique to deposit 
Nb2O5 films. Generally, Nb2O5 films can be obtained using direct current (DC) [43, 
115-120] or radio frequency (RF) [116, 121-128] sputtering techniques with metallic 
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niobium (Nb) [43, 115, 117-119, 122-125, 127, 129-131] or Nb2O5 [121, 126, 128] 
targets in the presence of carrier gases such as argon (Ar) in oxygen (O2) 
environments. These techniques are capable of producing Nb2O5 films or 
nanostructured forms with preferred dimensions, crystallinity, nanoscale grain sizes 
and morphologies by controlling the deposition parameters (i.e; pressure, distance 
between the target and the substrate, substrate temperature, discharge voltage, RF 
power) during the sputtering process [132]. Post-annealing treatment in a controlled 
gas environment is usually used to enhance the crystallinity of the sputtered films. 
Even though sputtering can produce high-quality films, this technique is time 
consuming due to its low deposition rates (typically in the μm/hour range) [133].  
In addition to sputtering, other PVD techniques which have been established 
to fabricate Nb2O5 films such as ion-beam assisted deposition [41, 42, 134, 135], 
thermal evaporation [136], pulsed magnetron sputtering [130, 137] and pulsed laser 
deposition (PLD) [138-141]. Pulsed magnetron sputtering and PLD have been found 
to increase the deposition rate of Nb2O5 films to the order of tens of microns per hour 
and are also be able to transfer the original stoichiometry of a bulk target to the 
deposited film [133, 138]. It is also possible to obtain high aspect ratio 
nanostructures such as nanobundles that have been shown by Ghosh et al. using PLD 
process (Figure 2.7) [139].  
2.3.2.2 Chemical vapour deposition (CVD) 
CVD techniques are also commonly used in the formation of films (in particular 
conformal coatings) and nanostructures [142, 143]. Nb2O5 thin films (nanostructured 
and compact) have been successfully synthesized using CVD techniques such as 
metal-organic CVD (MOCVD) [144, 145], plasma-enhanced CVD (PECVD) [146], 
atmospheric pressure CVD (APCVD) [147, 148], and vapour-liquid-solid (VLS) 
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growth mechanisms under vacuum or atmospheric conditions [149]. Generally, to 
deposit the Nb2O5 films, precursors such as NbCl5 and pentaethoxy niobium 
[Nb(OC2H5)5] are transported using reactant/carrier gas species into the reaction 
chamber, and subsequently decomposed on a heated substrate surface [146].  
 
 
Figure 2.7: Top and cross-sectional views (SEM and TEM images) of Nb2O5 films deposited 
using PLD process [139]. 
 
O’Neill et al. showed that the Nb2O5 film growth strongly depended on the 
substrate temperature when deposited by the CVD reaction of NbCl5 with ethyl 
acetate [147]. At lower temperatures (400–500 ºC), the resultant films tended to be 
uniform, forming layered growths. Deposition at temperatures higher than 500 ºC 
produced hazy films with fairly uniform size of a columnar nanostructure associated 
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with Volmer-Webber growth throughout the films. At 600 ºC a milky appearance 
was observed, which was attributed to the films being comprised of uniform inter-
grown rods that were virtually all aligned perpendicular to the substrate surface. 
These results indicated that the changes in the morphology of the films with substrate 
temperature were related to the number of nucleation sites available and the delivery 
rate of the precursor [147]. In another approach, the initial niobium 
pentaisopropoxide [Nb(O
i
Pr)5]2 precursor was decomposed at 950 ºC onto 
polycrystalline alumina substrates, which resulted in one-dimensional monoclinic 
Nb2O5 nanorods [149]. Other studies using CVD methods offer excellent alternatives 
to produce layered Nb2O5 especially for fibre coating applications [144, 148].  
Furthermore, spray pyrolysis which is a typical aerosol-assisted CVD is 
among the well utilized method to synthesis thin or thick Nb2O5 films [150-154]. 
This method has the capability of forming large-scale thin films by using a simple 
apparatus with large productivity. With regard to the substrate temperature, a post 
annealing treatment is usually required to obtain highly crystalline Nb2O5 films if a 
low temperature is applied during the deposition.   
 
2.3.3 Thermal Oxidation 
Thermal oxidation is a simple fabrication technique. The starting material to 
fabricate Nb2O5 is normally Nb metal/foil or powder, and then the thermal oxidation 
is performed by heating the sample in a furnace at a temperature as high as 1000 ºC 
generally in a O2 or oxidizing rich environment [13, 155-161]. The technique forces 
the oxidizing reagent to diffuse into the substrate at a high temperature and react with 
it. The nanostructured Nb2O5 is directly grown onto the surface of a Nb substrate. 
The resultant structures can vary from compact films to nanowires and core-shell 
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structures. It has been reported that nanowires as long as 20 μm can be produced by 
this approach [157, 160]. The growth of these nanostructures can be controlled by 
optimizing the temperature, time, metal-catalyst and gas atmosphere during the 
synthesis process [162]. 
 
2.4 Summary 
In this literature review, the author of this thesis presented the fundamental properties 
and synthesis methods of Nb2O5. An overview of the material’s properties, including 
crystal structures, band energy diagram as well as electrical, optical, mechanical and 
thermal properties were discussed. A number of Nb2O5 synthesis techniques were 
reviewed, focusing on methods that produce thin films and nanostructured Nb2O5. 
In the next Chapter, the PhD candidate will present the achievements in the 
development of hydrogen (H2) gas sensors using anodized Nb2O5 nanoporous films. 
As highlighted in the previous chapter and based on presented synthesis methods, the 
author chose to focus on anodization method since it offers effective controllable 
process and produce highly ordered porous structure with prerequisites of large 
active surface areas and high degrees of structural continuity. The author will discuss 
in detail, the fabrication process, characterization and the investigation of the 
nanoporous structure of Nb2O5 for H2 gas sensing at different concentrations and 
temperatures.  
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Chapter 3 
 
 
Nanoporous Nb2O5 hydrogen gas sensor 
  
 
3.1 Introduction 
 
In this Chapter, the PhD candidate presents the outcomes of her investigations on the 
development of Nb2O5 semiconducting gas sensors. As presented in Chapter 2, the 
author of this thesis chose Nb2O5 as a model n-type metal oxide regarding its unique 
and desirable properties and characteristics. The author uses anodization technique 
and ethylene glycol based electrolyte for forming nanoporous Nb2O5 films which she 
will implement for hydrogen (H2) gas sensing. It is demonstrated that the use of 
porous structure of anodized Nb2O5 films as a sensing layer can enhance interaction 
between the gas molecules and Nb2O5 films and hence improve the gas sensor 
performance.  
The employment of metal oxides in gas sensing applications has been widely 
investigated for their capability to sense numerous types of gas species. In the past 
two decades, a tremendous improvement has been demonstrated in the performance 
of metal oxide based gas sensors via the transformation of the first generation thick 
film devices to ones incorporating nanostructured metal oxide films [1, 2]. Such 
nanostructured metal oxides allow the target gases to penetrate into and have access 
to the entire volume of the films. This maximizes the interaction of the exposed 
surface of the nanostructured films with the gas species and results in large changes 
in their physical and chemical properties [3, 4]. 
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There are many reports on the gas sensing properties of nanostructured metal 
oxides such as SnO2, ZnO, TiO2, WO3, In2O3, CuO, NiO, Ga2O3, and V2O5 [5-14]. 
However, a much smaller number of papers address the feasibility of Nb2O5 for gas 
sensing [15-24]. Nb2O5 is known as a wide band-gap n-type metal oxide and has 
desirable properties such as good chemical stability, low film stress, and a high 
refractive index (n = 2.4 at 550 nm) [25]. Nb2O5 has many different crystal phases, 
but the most common are pseudohexagonal, orthorhombic, tetragonal and monoclinic 
[26]. Due to the remarkable properties of Nb2O5, it has been used in a variety of 
applications such as in catalysis and as a biocompatible material [27], in 
electrochromic coatings [28, 29], batteries [30], and solar cells [31, 32].  
The first report on Nb2O5 gas sensors dates back to the early 1980s [15]. 
However, comprehensive reports on Nb2O5 mostly belong to the mid to late 1990s 
[16-19]. In these works, techniques such as radio frequency magnetron sputtering 
were used for the deposition of dense Nb2O5 films and operating temperatures as 
high as 500 ºC were implemented to sense gases such as oxygen (O2), ammonia 
(NH3) and carbon monoxide (CO). Porous Nb2O5 films for gas sensing were later 
reported. The first example is the work of Hyodo et al. who successfully developed a 
gas sensor based on anodic micro porous Nb2O5 synthesized in aqueous acidic 
electrolytes [20]. 
The interest in Nb2O5 has increased in the past five years with the introduction 
of nanostructured Nb2O5. Cvelbar et al. introduced an O2 gas sensor based on a 
Nb2O5 nanowire array [21]. Also, Nb2O5 nanowires have been employed as a 
Schottky based H2 gas sensor [24]. In this work, Nb2O5 nanowires were synthesized 
via a thermal oxidation process, showing repeatable responses for H2 sensing at room 
temperature. To obtain nanostructured Nb2O5, several synthesis methods have been 
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reported, including anodization [31, 33], sol-gel dip-coatings [34], hydrothermal [35, 
36], pulsed laser deposition [37], and electrodeposition [38]. Among them, the 
anodization method has several advantages over the others due to its low fabrication 
cost and controllable film thickness. It also offers the benefit of producing porous 
films with high aspect ratios, which is the key factor to exhibit an excellent gas 
sensing performance. Despite the obvious advantages of nanoporous Nb2O5 there is 
still no report on the implementation of such a structure for gas sensing applications. 
Here, the author of this PhD thesis introduce a gas sensor based on a novel 
nanoporous Nb2O5 film synthesized via an anodization process at elevated 
temperatures in fluoride-organic solvent containing a small amount of water content. 
The author controlled the synthesis process and produced ~1 and ~2 μm thickness of 
nanoporous Nb2O5 films for gas sensing. In this study, the devices were coated with 
Pt and exposed to H2 gas of different concentrations and temperatures (in a range 
from room temperature to 100 °C) and their behaviors and sensing performance were 
investigated.  
The contents of this chapter were published as a full article in the journal 
Sensors and Actuators B: Chemical [39].  
3.2 Experimental 
3.2.1 Fabrication of nanoporous Nb2O5 
Niobium foil (99.9% purity, Sigma Aldrich) of 0.25 mm thickness was cut into 
pieces of 1.0 cm × 1.5 cm.  These niobium substrates were cleaned with acetone in 
an ultrasonic bath for 5 minutes, washed with isopropanol and deionized water then 
dried in a stream of nitrogen gas. The electrolytes for the anodization consisted of 
50 ml ethylene glycol (98% anhydrous, Sigma Aldrich), 4 vol % deionized water and 
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0.25 g NH4F (98% purity, Sigma Aldrich). Details on the optimization of the 
anodization process are discussed in the previous work [31].  
Anodization was performed using a two-electrode system consisting of an 
anode (niobium foil sample) and cathode (Pt), where a DC voltage of 10 V was 
applied while the electrolyte temperature was kept constant at 50 °C. Nanoporous 
Nb2O5 with a thickness of ~1 and ~2 µm were obtained after 0.5 and 1.0 h of 
anodization, respectively. After the anodization process, the samples were washed 
with deionized water and dried in a nitrogen stream. Then, the samples were 
annealed in air at a temperature of 440 °C for 30 min with a slow ramp up and down 
rate of 2 °C/min. The as-anodized porous structure is amorphous for annealing 
temperatures below 440 °C, while above this temperature, the nanoporous Nb2O5 
layer appears to be slightly cracked, possibly due to the thermal expansion effect 
during the oxidation as shown in Figure 3.1. 
 
Figure 3.1: SEM images of the cracked Nb2O5 films after the annealing process for 1 hour at 
different temperatures: (a) 450 °C (b) 480 °C and (c) 550 °C.  
 
3.2.2 Structural characterization  
The morphology and structural properties of the films were characterized using a FEI 
Nova NanoSEM scanning electron microscopy (SEM). The crystallinity of the 
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Nb2O5 was characterized by a D8 Advance Bruker AXS Xray diffractor with General 
area detector diffraction system (GADDS) attachment fitted with a 50 μm spot size 
collimator, incorporating a High Star 2 dimensional detector and CuKα radiation (λ = 
0.1542 nm) operating at 40 kV and 40 mA. Meanwhile, the chemical compositions 
of the Nb2O5 were conducted using Thermo K-alpha X-ray Photoelectron 
Spectrometer (XPS). For Raman measurements, the characterizations were 
performed using a system incorporating an Ocean Optic QE 6500 spectrometer, a 
532 nm 40 mW laser as the excitation source and a notch filter used in order to 
prevent measurement below 100 cm
–1
. To identify the distribution of Pt element in 
the nanoporous Nb2O5 films, EDAX Si(Li)X-ray detector fitted with the FEI Nova 
NanoSEM system was used. 
3.2.3 Gas sensors fabrication 
A Pt layer with thickness of 10 nm was deposited on both sides of the bare metal and 
the surface of the nanoporous Nb2O5 as demonstrated schematically in the cross-
sectional view in Figure 3.2(a). One side of the bare metal layer was the extended 
electrode connected to the Pt layer on the surface of nanoporous Nb2O5. This was to 
avoid damage on the nanoporous structure during probing of the device. Meanwhile, 
photoresist was used as an insulation layer to prevent a short circuit between the 
extended electrode and the niobium foil. The overall configuration of the complete 
device is shown in Figure 3.2(b). 
 
 
 
60 
 
 
Figure 3.2: Schematic of: (a) the device’s cross-section shows the contact surface extended 
to enable connection of the contact pad body to the sensing area of Nb2O5 coated with Pt and 
(b) the gas sensor 3D configuration. 
 
3.2.4 Gas sensors characterizations 
All H2 gas sensing experiments were performed in a LINKAM customized gas 
testing chamber. The device was mounted on a heater and both contact pads were 
connected via a needle probe. A mass flow controlled gas calibration system was 
used for mixing a high purity (99.999%) dry synthetic air and 1% H2 gas balanced in 
synthetic air, at different concentrations, and purging them into the chamber at a 
constant gas flow of 200 SCCM.  
For the current-voltage (I-V) measurements, a Keithley 2606 source meter was 
used in order to set the bias voltage and measure the current through the devices. 
During the testing, the operating temperatures of the devices were altered in the 
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range of 22 − 100 °C. The dynamic response of the sensors was measured as a 
change in the voltage magnitude, while the sensors were biased at a constant current 
of 100 μA and exposed to synthetic air with a H2 balance concentration in the order 
of 0.06 − 1%. The response and recovery time of the sensors is defined as the time 
duration needed for the device to undergo a voltage change from 10% to 90% from 
the no exposure to the fully exposed condition [40]. An Agilent 34410A digital 
multimeter was utilized to record the voltage changes. A detailed schematic diagram 
of the measurement set-up can be seen in Figure 3.3. 
 
 
 
Figure 3.3: Schematic diagram of the measurement set-up.  
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3.3 Results and discussion 
3.3.1 Nb2O5 films characterizations 
Figure 3.4 shows the cross-sectional, top, and bottom view SEM images of 
nanoporous Nb2O5 after the anodization and annealing processes. SEM images of 
porous Nb2O5 before annealing can be viewed in Figure 3.5. As can be seen in Figure 
3.4(b), a highly organized pore distribution is observed, with nanosized pore opening 
diameters ranging from 30 to 50 nm. The side walls are around 10 to 20 nm thick. 
The higher magnification images of cross-sectional view of the nanoporous film in 
Figure 3.4(c) show highly packed vein-like nanostructured networks. The nanoveins 
have internal diameters ranging from 30 to 50 nm with “nanopassage” of diameters 
as small as 10 nm and there are also occasional lateral interconnections. The bottom 
of the anodized layer consists of uniform and packed pseudo-semispheres with 
diameters of approximately 50 nm (Figure 3.4(d)). As described earlier, Pt was 
sputtered onto the surface of the Nb2O5 to form the catalytic and contact layer. As 
can be seen in Figure 3.6(a), the Pt layer was found to nicely conform onto the top of 
the pore walls. The conformation continues into forming a smooth surface on the top 
of the photoresist that establishes the extended contact pad, as shown in Figure 
3.6(b). In order to confirm Pt covers inside the nanoporous Nb2O5 films, the author 
has characterized the films using energy dispersive X-ray (EDX). She has performed 
the EDX measurement at 15 different locations for top, middle and bottom part of 1 
and 2 μm thick nanoporous Nb2O5 films which is presented in Figure 3.7. The EDX 
measurements show the presence of Pt in the depth of both nanoporous Nb2O5 films. 
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Figure 3.4: SEM images of the Nb2O5 nanoporous film after the annealing process: (a) cross-
sectional view of the whole nanoporous structure, (b) top view of the nanoporous structure, 
(c) higher magnification SEM images of cross-sectional view of the nanoporous structure, 
and (d) bottom view of the nanoporous structure. 
     
Figure 3.5: SEM images of the Nb2O5 nanoporous film before the annealing process: (a) 
cross-sectional view of the whole nanoporous structure, (b) top view of the nanoporous 
structure, (c) higher magnification SEM images of cross-sectional view of the nanoporous 
structure, and (d) bottom view of the nanoporous structure. 
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Figure 3.6: SEM images of the surface of nanoporous Nb2O5: (a) after being coated with the 
Pt layer. (b) SEM image showing the connection of the Pt layer on the surface of nanoporous 
Nb2O5 and the extended contact pad. 
 
 
 
Figure 3.7: EDX measurements for the Pt coverage (wt%) at the top, middle and bottom of 
the nanoporous Nb2O5.   
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The XRD results of the as-anodized and annealed nanoporous Nb2O5 are 
shown in Figure 3.8. From these patterns, the as-anodized sample shows an 
amorphous phase with niobium metal peaks at ~39° and ~56° (ICDD 35-0789). 
Whereas the annealed nanoporous Nb2O5 sample obviously shows a dominant 
orthorhombic phase (ICDD 27-1003, a=6.168 Å, b=29.312 Å and c=3.936 Å), as 
distinguished by peaks appearing at 22.6°, 28.3°, 36.6°, 42.4°, 46.2°, 49.7°, 55.1°, 
58.3° and 63.1° [31]. Furthermore, Raman spectra measurements (Figure 3.9) has 
shown a board peak, centred around 650 cm
1
, which represents the symmetric 
stretching mode of v (O-Nb-O) in amorphous Nb2O5 [41]. Other weak peaks at 248 
and 900 cm
1
 can be assigned to the terminal Nb=O vibrational bond and bending 
modes of Nb-O-Nb linkages, respectively. The Raman peaks become more 
distinguished after annealing with a peak shift from 650 to 690 cm
1
, and two new 
peaks appear at 303 and 460 cm
1
, which both indicate the orthorhombic nature of 
the annealed nanoporous network [31, 42, 43].  
 
Figure 3.8: XRD pattern of a nanoporous Nb2O5 film before and after annealing. 
Orthorhombic Nb2O5 (ICDD 27-1003) is annotated by * while Nb metal (ICDD 35-0789) is 
annotated by ♦.  
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Figure 3.9: Raman spectra of the as-anodized and annealed nanoporous Nb2O5 films. 
 
An XPS analysis was employed to determine the chemical composition and 
valencies of the nanoporous Nb2O5. Figure 3.10(a) shows the survey spectrum of the 
annealed Nb2O5 film. The signals of Nb and O are visible, confirming the presence 
of niobium and oxygen elements. As shown in Figure 3.10(b), the high-resolution 
spectrum for the Nb region exhibits the Nb3d3/2 peak at 210.08 eV and Nb3d5/2 at 
207.28 eV. The spectra obtained indicate that the film is composed of Nb2O5, which 
is consistent with a previous report [44]. The existence of low peak of C1s in the 
survey spectrum is expected due to CO2 adsorption or contamination carbon from the 
environment. Unlike other metal oxides such as anodized TiO2 [45], the XPS pattern 
shows that there is no fluoride doping effect after the anodization process, which is 
beneficial for reducing the internal electron scattering during the passage of electrical 
current in Nb2O5 [31]. 
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Figure 3.10: (a) The XPS survey scan of the nanoporous Nb2O5 film after annealing in air for 
30 min at 440 ºC. (b) The XPS spectrum of Nb 3d peaks of the nanoporous Nb2O5 film. 
 
3.3.2 Gas sensing 
The Pt/Nb/Nb2O5/Pt metal-semiconductor-metal (MSM) structure sensing 
mechanism can be described by the adsorption of the hydrogen molecules, H2 on the 
catalytic Pt layer. The hydrogen molecules are then dissociated into hydrogen atoms, 
which transfer through the Pt layer onto the Nb2O5 interface [7, 46]. The hydrogen 
atom diffuses along the interface of the Nb2O5 and eventually intercalate with metal 
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oxide. These activities contribute to change of the barrier height, which allows 
carriers with sufficient energies to flow over the lowered barrier easily via the 
thermionic emission mechanism. Therefore, the junction exhibits a current shift in its 
I-V characteristics upon exposure to the target gas. 
Based on the thermionic emission equation [47], the I-V relationship of the Pt-
Nb2O5 junction is given by the following equation: 
        
  
   
         
  
  
  , (3.1) 
where    is the saturation current,   is the electron charge,   is the applied voltage,   
is the absolute temperature in Kelvin,   is the ideality factor, and   is Boltzmann’s 
constant. The ideality factor is introduced to take into account the deviation of the 
experimental I-V graph from the ideal thermionic model. In this equation, the 
saturation current    is given by [47]: 
       
         
    
  
 , (3.2) 
in which  ,     and     are the contact area, the Richardson constant and the zero-
bias Schottky barrier height (SBH), respectively.      
In this PhD work, the behavior of the gas sensor based on nanoporous Nb2O5 
was first studied under different operating temperatures. These measurements were 
conducted for the 1 µm film thickness sensor by exposing it to synthetic air and 1% 
H2 gas balanced in synthetic air at operating temperatures of 22, 50, 80 and 100 °C. 
Temperatures above 100 °C could not be implemented as the photoresist protection, 
forming the extended electrode, deteriorated at such elevated temperatures. At near 
room temperature, the charge carriers have insufficient energy to overcome the 
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barrier height energy [48]. As a result, the current is relatively low. At elevated 
temperatures, the energy of the carriers is greater than room temperature thus 
allowing a larger flow of current. Current increases as the temperature increases 
further and the difference between the exposed and non-exposed states of the sensor 
can be clearly observed. From the I-V characteristics in Figure 3.11, it can be seen 
that the sensor exhibited the largest current shifts after the exposure to H2 at 100 °C. 
The device also shows symmetrical I-V curves, which is in agreement with the 
typical electrical properties of a MSM structure [47, 49].   
 
 
Figure 3.11: I-V characteristics of the 1 μm nanoporous Nb2O5 gas sensor measured in 
synthetic air and 1.0% H2 gas at temperatures ranging from 22 ºC to 100 ºC. 
 
The dynamic responses of the 1 µm sensor towards 0.06, 0.12, 0.25, 0.5, and 
1.0 % of H2 gas at operating temperatures of 50 and 100 ºC are presented in 
Figure 3.12. The sensor was biased at a constant current of 100 μA and exposed to 
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synthetic air and different concentrations of H2 gas at 600 s intervals. As can be seen, 
when the ambient is repeatedly switched from air to H2 gas, the baseline remains 
stable. At 100 ºC, the 1 µm sensor produced voltage shifts of 0.468 and 2.179 V 
towards 0.06% and 1.0% concentrations of H2 gas, respectively. Whereas at 50 ºC at 
these H2 gas concentrations the sensor exhibited voltage shifts of 0.44 and 1.89 V, 
respectively. The results clearly indicate that the 1 µm sensor demonstrate a higher 
sensitivity when operate at 100 ºC compared to the operation at 50 ºC. This 
improvement is generally ascribed to the better catalytic effect of Pt at higher 
temperatures [50]. 
In order to assess the effect of thickness on sensor performance, the 
experiments were further continued for a sensor with a 2 µm film thickness at the 
operating temperature of 100 ºC. Figure 3.13 shows dynamic responses of the 1 and 
2 µm sensors towards different concentrations of H2 gas at 100 ºC. For the 1 µm 
sensor, the response times (t10%-90%) of 142, 236, 260, 179 and 90 s, and the recovery 
times (t90%-10%) of 491, 432, 413, 367, and 331 s were measured towards 0.06, 0.12, 
0.25, 0.5, and 1.0% of H2 gas, respectively. Meanwhile, with the same set of H2 gas 
concentrations, the 2 µm sensor produced response times (t10%-90%) of 189, 166, 226, 
123 and 88 s, and recovery times (t90%-10%) of 515, 411, 434, 288 and 478 s, 
respectively. The response and recovery times have similar values to that of the 
Nb2O5 nanowire gas sensor reported by Wang et al. [24]. Overall, both sensors show 
a fairly similar trend in terms of response and recovery time, where the response time 
is much shorter than the recovery time (Figure 3.14). For the sensing performance 
comparison, the maximum voltage shift vs H2 gas concentration graphs are presented 
in Figure 3.15. The results show that the 1 µm sensor exhibits higher voltage shifts 
than the 2 µm sensor.  
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Figure 3.12: Dynamic response of the 1 μm nanoporous Nb2O5 gas sensor measured towards 
different concentrations of H2 gas at 50 ºC and 100 ºC at a constant bias current of 100 μA. 
 
 
Figure 3.13: Dynamic response of 1 and 2 μm nanoporous Nb2O5 gas sensors measured with 
different concentrations of H2 gas at 100 ºC at a constant bias current of 100 μA.  
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Figure 3.14: Comparison of the response transients of 1 and 2 μm nanoporous Nb2O5 gas 
sensors for a concentration of 1.0% H2 gas at100 ºC. 
 
 
Figure 3.15: Voltage shifts of 1 and 2 μm nanoporous Nb2O5 gas sensors at different 
concentrations of H2 gas, operating at 100 ºC. 
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Sakai et al. discussed the influence of film thickness on the sensor’s response 
towards H2 gas by assuming that the gas molecules move inside the nanoporous film 
with the diffusion coefficient of    that can be calculated using the Knudsen 
equation [51]: 
             , (3.3) 
where   is the pore radius (cm),   is the temperature (K) and   is the molecular 
weight of gas (H2 molecular weight = 2.016 g/mol). The H2 gas molecule reaction 
with the metal oxide oxygen atoms along the diffusion path is expressed by the 
following transport equation at the steady state condition (        = 0 in which   is 
time) [51]:  
     
    
   
       
(3.4) 
Here,    is the concentration of the target gas,   is distance from the film surface, 
and   is the rate constant of the surface reaction. By applying the boundary 
conditions on Eq. (3.4), the following equation can be obtained [51]: 
           
                              
             
, 
(3.5) 
in which L is the thickness of the porous film, and      is the concentration of H2 in 
the surrounding atmosphere (x=0). The author of this PhD thesis used Eqs. (3.3) and 
(3.5) to estimate the dependence of the gas response on the nanoporous Nb2O5 film 
thickness. In these calculations, she assume that the diffusion coefficient is calculated 
at 373 K and the pores for both 1 and 2 µm films have average diameters 40 nm. The 
gas concentration profiles for 1 and 2 µm sensors are presented in Figures 3.16(a) 
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and (b), respectively. From the figures, it is obvious that the steady state gas 
diffusions within both layers are similar and at 0.5 µm they reach 0.77 % of the 
surface gas concentration value. This means that in both 1 and 2 µm thick films 
almost only the top sections of the layers interact with the gas. As a result, a much 
larger ration of the 2 µm thick film is not affected by the gas and the relative change 
in the response of the 2 µm film is less than the 1 µm film. 
 
Figure 3.16: Comparison of the gas concentration profiles inside (a) 1 and (b) 2 μm 
nanoporous Nb2O5 films at a fixed temperature of 373 K.  
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The mechanism of the nanoporous Nb2O5 gas sensing is presented in Figure 
3.17. In these sensors, H2 gas molecules are broken down to 2H
+
 by the Pt catalytic 
layer. After the initial diffusion of H
+
 atoms, it is suggested that they intercalate with 
Nb2O5 pore walls [52, 53] that can be described using the following formula: 
        
              (3.6) 
However, the system is kept at an elevated temperature. As a result, it is also possible 
that eventually HxNb2O5 breaks down, producing reduced Nb2O5 and H2O molecules 
in a process that similarly occurs during the interaction of H2 with WO3 at such a 
temperature [52]: 
                           (3.7) 
When the film is exposed to air (oxygen), the reduced film surface reverts back to its 
original fully oxidized state, which is described by the following reaction: 
                        (3.8) 
The released electrons in Eq. (3.6) reduce the length of the depletion region in the 
Nb2O5 film. They both enhance the conductivity of the film and decrease the barrier 
height, which correspond to the voltage shift for the gas sensors. When the film is 
exposed to air (oxygen), the depletion region will be rebuilt by the adsorbed oxygen 
species and the resistance will increase to its initial level. Thus, the voltage of the gas 
sensor returns back to its baseline value.  
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Figure 3.17: The Sensing mechanism of the nanoporous Nb2O5 gas sensor: adsorption and 
dissociation of H2 on the Pt; transfer of H atoms from the Pt onto the Nb2O5 surface, and 
ionisation; diffusion of H
+
 along the interior Nb2O5 surface; formation of an oxygen vacancy 
and H2O; and diffusion of the oxygen vacancy and escape of water. 
 
 
3.4 Summary 
In this chapter, the author of this thesis demonstrated the effectiveness of nanoporous 
Nb2O5 films with nanovein-like networks for H2 gas sensing. High porosity Nb2O5 
films were synthesized via a highly tuned anodization process at an elevated 
temperature in a fluoride-organic solvent containing a small percentage of water. The 
increased surface to volume ratio structure provided by the nanoporous Nb2O5 films 
allow the gas molecules to penetrate and adsorb into the nanoporous films resulting 
in a high sensitivity sensor which shows a good return to the baseline after recovery. 
The sensor response was dependent on the Nb2O5 film thickness, which was both 
experimentally and theoretically discussed. The simple and low-cost sensors 
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described here could be used for sensing gas species other than H2 and sensing 
selected chemical components. 
In the next chapter, the author will present her achievements in producing 
anodized Nb2O5 based lithium-ion batteries (LIBs). The author will discuss in detail, 
the fabrication process, characterization and the investigation of anodized Nb2O5 
nanoporous structure effect in improving the quality of the pathways for the fast 
transfer of electrons and Li
+
 ion to enhance the electrochemical properties of such 
LIBs.  
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Chapter 4 
 
 
A Vein-like nanoporous network of Nb2O5 with a high 
lithium intercalation discharge cut-off voltage  
 
  
4.1 Introduction 
 
In the previous Chapter, the author presented hydrogen gas sensor based on anodized 
Nb2O5 nanoporous films and coated them with sputtered Pt catalytic layer. The 
characterizations and tests revealed this hydrogen gas sensor demonstrated an 
improvement in the sensor response and recovery time at low operating temperature, 
owing to the unique structure of anodized Nb2O5 films. These augmentations and the 
understanding the crystal structure of Nb2O5 gave rise to identifying a suitable anode 
material which potentially produces high charge capacity and operate at a safe 
operating voltage window in the range of 1.0 ≤ V ≤ 3.0 V (vs. Li/Li+).  
In this Chapter, the PhD candidate presents the outcomes of her study, in 
collaboration with researchers from Deakin University, on the development of 
anodized Nb2O5 based lithium-ion batteries (LIBs). A comprehensive 
characterization of the electrochemical properties of LIBs is presented. Eventually, 
the anodized Nb2O5 based LIBs performance is compared with LIBs based on 
commercial Nb2O5 powder. At the end, the author discusses some specific 
advantages in using the unique structure of anodized Nb2O5 nanoporous films for 
LIBs for the first time.   
 The performance of LIBs depends essentially on the thermodynamics and 
kinetics of the electrochemical reactions between the electrodes and electrolytes. For 
electric vehicles (EVs), [1] current commercial LIBs using graphite anodes cannot 
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meet the stringent requirements of a high power density, because of poor rate 
performance, and safety [2-4]. In spite of excellent electrical conductivity, graphite 
has a low Li-ion diffusion coefficient [2] with the Li-ion intercalation voltage close 
to the lithium electroplating voltage, which can cause serious safety issues [3-6]. On 
the other hand, a number of new anode materials such as Si [7-11], GeO2 [1, 12-15], 
SnO2 [16-19], and Fe2O3 [20-23] have much higher capacities, but suffer from huge 
volume changes with charging-discharging, resulting in poor capacity retention. The 
huge changes in volume and stress can induce cracking/pulverization, which creates 
new particle surfaces that consume lithium and breaks the material into isolated 
fragments, leading to irreversibility and eventually battery failure [1]. An underlying 
problem of these anode materials (both graphite and new materials) is their low 
(below 1.0 V) operating discharge voltage. When a new LIBs cell is used, an SEI 
(solid electrolyte interface) layer (organic−inorganic composite thin film) is often 
formed during the first cycle at the voltage below 1.0 V vs. Li
+
/Li
0
. This layer 
suppresses the chemical reactions between the lithiated anode and the electrolyte, 
and can lead to safety issues [24, 25]. The SEI layer tends to decompose at a 
temperature as low as 60 °C [26]. When the battery reaches this critical temperature, 
the SEI layer starts to decompose and directly exposes the lithiated anode to the non-
aqueous electrolyte, resulting in continuous exothermal reactions between them [27]. 
The heat generated from the reactions can slowly raise the internal temperature of the 
battery and eventually trigger major reactions between the delithiated cathode (Li1-
xMO2) (strongly oxidative transition metal oxide) and non-aqueous electrolyte at 
about 200 °C [28, 29]. As a result, a large amount of heat is released within a short 
period of time (thermal runaway), potentially leading to fire or explosion of the 
battery. One possible strategy to address this challenge is to develop alternative 
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anodes that can operate within the electrochemical stability zone of conventional 
electrolytes. This region is generally known to be above the potential (∼1 V) of the 
SEI formation and below the potential (∼ 4.3 V) of the electrolyte oxidation [30]. In 
the search for safe materials, spinel lithium titanate, Li4Ti5O12, has been found to 
have a flat operation voltage plateau and high operating voltage of around 1.55 V (vs. 
Li/Li
+
), which could firstly suppress lithium dendrite deposition on the surface of the 
anode [31], and secondly resolve the safety issues associated with the SEI film [32, 
33]. Therefore, there is a motivation to identify an anode (similar to Li4Ti5O12) with a 
higher capacity and a safe operating voltage window in the range of 1.0 ≤ V ≤ 3.0 V 
(vs. Li/Li
+
).    
Recently, the lithium cycling behavior of Nb2O5 cathodes with various 
nanostructures such as nanobelts [34], nanosheets [35], and nanofibers/nanonuggets  
[36] has been investigated. Very recently, Sasidharan et al. have examined Nb2O5 
hollow nanospheres as an anode material and found a reversible capacity of 
172 mAh g
−1
 after 250 cycles of charge-discharge at a current density of 0.5 C 
(0.2 Ag
−1
) [37]. This is the best reported performance among all Nb2O5 based 
anodes. Thus, it is very interesting to explore Nb2O5 with different nanostructure as a 
safe anode material for high-power lithium-ion batteries.  In this PhD thesis, the 
author reports remarkable electrode performance of Nb2O5 with a criss-cross vein-
like nanoporous network. Even without surface coating or cation doping, the 
synthesised nanoporous Nb2O5 material could deliver superior capacity at high 
charge-discharge rates for several hundred cycles with a negligible drop in capacity 
at a higher discharge cut-off voltage. 
The contents of this chapter were published as a full article in the Journal of 
Material Chemistry A [38].  
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4.2 Experimental 
A schematic of the synthesis procedure is shown in Figure 4.1 [39]. The starting 
material was niobium foil (1.0 cm × 1.0 cm) (99.9 % purity, Sigma Aldrich) with a 
thickness of 0.25 mm. The surface of the foil was cleaned ultrasonically with 
acetone, then washed with isopropyl alcohol and distilled water, and finally dried in a 
stream of compressed dry nitrogen gas. The anodization electrolyte was a mixture of 
50 ml ethylene glycol (98% anhydrous, Sigma Aldrich), 4 vol% deionized water, and 
0.25 g ammonium fluoride (98% purity, Sigma−Aldrich). Anodization was 
performed using a two-electrode system consisting of an anode (niobium foil sample) 
and cathode (platinum), where a DC voltage of 10 V was applied for 2 h while the 
electrolyte temperature was kept constant at 50 °C.  After the anodization, the film 
was washed with deionized water and dried in a nitrogen stream. Then, the film was 
heated in air at 440 °C for 30 min to improve crystallinity with a slow ramp up and 
down rate of 2 °C min
−1
. 
4.3 Material characterization 
The structure and morphology of the commercial Nb2O5 powder and nanoporous 
Nb2O5 were determined by X-ray powder diffraction (XRD) spectroscopy 
(Bruker D8 DISCOVER micro diffractometer) with a CuKα radiation source (λ = 
0.1542 nm), X-ray photoelectron spectroscopy (XPS, Thermo Kα), scanning 
electron microscopy (SEM) (FEI Nova Nano SEM), and high resolution 
transmission electron microscopy (HRTEM) (JEM-3010 300 kV). HRTEM 
samples were prepared using a cleaned razor blade to scrape the nanostructures onto 
a copper grid covered by holey carbon (Formvar), allowing the surface tension of the 
grid to hold the nanostructures in place. The Brunauer-Emmett-Teller (BET) surface 
area of the nanoporous Nb2O5 was measured using a Tristar 3000 micrometrics gas 
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adsorption analyser. For the electrochemical investigation, oxidized Nb2O5 layers 
were separated from the Nb foil substrates and mixed with acetylene carbon black 
(AB) and a binder, carboxymethyl cellulose (CMC), in a weight ratio of 75: 15: 10 in 
a solvent (distilled water). The slurry was spread onto Cu foil substrates and these 
coated electrodes were dried in a vacuum oven at 100 °C for 24 h. For comparison, 
electrodes of commercial Nb2O5 powder (−325 mesh, 99.9 % trace metals basis, 
Aldrich) were fabricated using the same procedure. The electrodes were then pressed 
using a disc with a diameter of 25 mm to enhance the contact between the Cu foil 
and active materials. Subsequently, the electrodes were cut to 1×1 cm
2
.  Li foil was 
used as the counter/reference electrode and a microporous polyethene film was used 
as a separator. The electrolyte was 1 M LiPF6 in a mixture of ethylene carbonate 
(EC), diethylene carbonate (DEC), and dimethyl carbonate (DMC) with a volume 
ratio of 1:1:1.  CR 2032 coin-type cells were assembled in an Ar-filled glove box. 
The cells were galvanostatically discharged-charged within the cut-off voltages of 
1.0-3.0 V (vs. Li/Li
+
) and 1.2-3.0 V (vs. Li/Li
+
) at different current densities using a 
Land Battery Testing System. Electrochemical impedance spectroscopy (EIS) was 
performed on the cells over the frequency range of 100 kHz to 0.01 Hz using an 
Ivium-n-stat computer-controlled electrochemical analyser.  
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Figure 4.1: Schematic of the nanoporous Nb2O5 preparation procedure: a) 0.25 mm thick 
niobium foil; b) two-electrode anodization system consisting of an anode (niobium foil), 
cathode (platinum), and electrolyte; c) as-prepared anodized film; d) annealed nanoporous 
Nb2O5 product;  e) vein-like nanoporous network of  Nb2O5; f) human wrist vein.      
 
4.4 Results and discussion   
Figure 4.2(a) shows the XRD patterns of the as-anodized and the annealed samples. 
The as-anodized sample appears to be amorphous and only niobium (ICDD 35-0789) 
peaks are present, at 38.5 and 55.5° (indicated with ♦). Annealing of the film results 
in crystallization into a Nb2O5 orthorhombic structure (ICDD 27-1003, a = 6.168, b = 
29.312, and c = 3.936 Å) with the diffraction peaks at 22.6, 28.3, 36.6, 42.4, 46.2, 
49.7, 55.1, 58.3 and 63.1° (indicated by *). The strong Nb peaks of the as-anodized 
sample indicate that the porous network has only been weakly oxidized before 
annealing. The XRD pattern of the commercial Nb2O5 powder is depicted in 
Figure 4.3, which also indicates an orthorhombic crystal structure. The XPS result 
for the annealed Nb2O5 sample is shown in Figure 4.2(b). The elements Nb and O are 
present with very little carbon as a contaminant. The high-resolution XPS spectrum 
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for the Nb region (Figure 4.2(c)) has peaks for Nb3d5/2 at 207.28 and Nb3d3/2 at 
210.08 eV, in good agreement with the binding energies of Nb2O5 [40]. No other 
peaks are seen, indicating that only the Nb2O5 phase is present. The specific surface 
area of 13.7 m
2
g
−1
 was also measured for the synthesised Nb2O5 sample by the N2 
adsorption/desorption method. 
The SEM images in Figure 4.4 show the surface morphology of the 
commercial Nb2O5 powder and synthesised annealed Nb2O5 layer. A low 
magnification SEM image of commercial Nb2O5 powder (Figure 4.4(a)) shows that 
the sample consists of large agglomerated clusters of particles. The top view 
(Figure 4.4(b)) reveals a nanoporous structure of annealed Nb2O5 sample with a 
fairly uniform density of pores with diameters ranging from 30 to 50 nm. The side 
walls of the pores are around 10 to 20 nm thick.  The bottom of the anodized layer 
(Figure 4.4(c)) has a structure like closely packed cauliflowers. A cross-sectional 
side view is shown in Figure 4.4(d). The main thick layer appears to be made of 
continuous and highly packed vein-like nanoporous network, which is just like a 
human vein networks as shown in Figure 4.1(f). The marked region of Figure 4.4(d) 
is shown at higher magnification in Figure 4.4(e). The nano-veins have internal 
diameters ranging from 30 to 50 nm with many lateral interconnections. This 
structure would seem to provide excellent channels for fast transfer of both Li
+ 
ions 
and electrons.  
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Figure 4.2: (a) XRD patterns of the Nb2O5 film before (dashed line) and after annealing 
(solid line).  Orthorhombic Nb2O5 (ICDD 27-1003) is indicated by * while Nb metal (ICDD 
35-0789) is indicated by ♦; (b) XPS survey spectra of a Nb2O5 nanoporous film; and (c) XPS 
spectrum of Nb3d peaks.  
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Figure 4.3: XRD pattern of the commercial Nb2O5 powder (orthorhombic crystal structure, 
ICDD 27-1003).  
 
Figure 4.5(a) shows a HRTEM image of the nanoporous network of Nb2O5 in 
which parallel lattice fringes with a d spacing of 0.39 nm are observed, which is 
indicative of the orthorhombic phase [41]. Figure 4.5(b) shows a selected area 
electron diffraction (SAED) pattern of the Nb2O5 structure, which has been indexed 
to the orthorhombic phase. A TEM image of the cross-section of the nanoporous 
network is presented in Figure 4.5(c). A criss-cross vein-like network with many 
channels is clearly observed. This is the further evidence of the directional pathways 
for fast transfer of Li
+
 ions and electrons.   
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Figure 4.4: SEM images of the commercial Nb2O5 powder (a) and annealed nanoporous 
Nb2O5 film (b-e): (b) top view; (c) bottom view; (d) cross-sectional view of the whole 
nanoporous structure; (e) higher magnification of the marked region of Fig. (d), showing 
many channels available for fast transfer of both Li
+
 ions and electrons.   
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Figure 4.5: TEM images of the nanoporous Nb2O5 after annealing: (a) HRTEM image of a 
nanoporous region of the  Nb2O5 (the 0.39 nm d spacing with no cross-hatches indicates that 
the orthorhombic phase is present); (b) corresponding selected area electron diffraction 
pattern; and (c) TEM image of a cross-section of the nanoporous network.    
 
The electrochemical behavior of lithium ions with the nanoporous Nb2O5 
electrode was examined.  Figure 4.6(a) shows the CV curve of the nanoporous Nb2O5 
electrode at a scan rate of 0.05 mV s
−1, within a voltage window of 1.0−3.0 V (vs. 
Li/Li
+
).  The cathodic peaks (reduction reaction Nb
5+→ Nb4+) at around 1.48 V in the 
1
st
 cycle and at around 1.7 V in the subsequent cycles correspond to the voltage 
platform of the discharge process, in which Li ions are intercalated into the Nb2O5. 
However, it is noticed that the cathodic peaks are positively shifted to a higher 
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voltage in the subsequent cycles with respect to the 1
st
 cycle, which is ascribed to 
polarisation effect of the electrode in the first cycle. On the other hand, the anodic 
peak (oxidation reaction Nb
4+→ Nb5+) located at 1.86 V corresponds to the voltage 
platform of the charge process, in which Li ions are de-intercalated from the Nb2O5. 
A pair of well-defined redox peaks are observed at 1.7/1.8 V (except for the 1
st
 
cycle), and can be attributed to the redox reaction (eq 4.1) of Nb
5+
/Nb
4+
.      
                    Nb2O5 + xLi
+
 +xe
-
 ↔ LixNb2O5                      (4.1)   
After the electrode activation via the 1
st
 cycle, the close overlap of the 2
nd
, 3
rd
, 4
th
, 5
th
 
and 6
th
 cycles indicates that electrochemical reversibility has set in after the 1
st
 cycle. 
The cycling performance of the nanoporous Nb2O5 electrode at the high current 
density of 0.4 A g
−1
 was compared with that of the commercial Nb2O5 electrode up 
to 300 cycles (Figure 4.6(b)), and their corresponding discharge-charge voltage 
profiles are shown in Figures 4.6(c-e). The nature and the observed pattern of the 
discharge-charge voltage profiles are characteristic of intercalation-type electrode 
reactions.  The Nb2O5 electrode, made using commercial powder, had a 1
st
 cycle 
discharge capacity of 218 mAh g
−1
 (and a 1
st
 cycle charge capacity of 165 mAh g
−1
), 
and the capacity dropped rapidly in subsequent cycles. After 100 cycles, the 
discharge capacity was down to 45 mAh g
−1
, which is around 21 % of the 1
st
 cycle 
discharge capacity. In contrast, the nanoporous Nb2O5 electrodes showed a much 
greater retention of capacity for both discharge cut-off voltages. The nanoporous 
Nb2O5 electrode, at a cut-off  voltage of 1.0−3.0 V, had a 1
st
 cycle discharge capacity 
of 222 mAh g
−1
 and a 1
st
 cycle charge capacity of 208 mAh g
−1
, corresponding to a  
1
st
  cycle Coulombic efficiency of ~ 94 %. After 300 cycles, the reversible discharge 
capacity was 201 mAh g
−1
 with a charge capacity of 201 mAh g
−1
 (90 % of the 1
st
 
cycle discharge capacity), which is a remarkable reversible capacity and cycling 
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stability. The discharge-charge capacity of the cell decreased slightly with increasing 
discharge cut-off voltage. When the cut-off voltage was set to 1.2−3.0 V 
(Figure 4.6(d)), the 1
st
 cycle discharge−charge capacity was 206/196 mAh g−1, 
corresponding to a first cycle Coulombic efficiency of ~95 %. At the 300
th
 cycle, the 
measured reversible discharge capacity was 175 mAh g
−1
 (85 % of the 1
st
 cycle 
discharge capacity) and the charge capacity remained at 175 mAh g
−1
. Such a high 
Coulombic efficiency in the 1
st
 cycle indicates a small initial irreversibility. This 
result suggests that nanoporous Nb2O5 electrodes can also be operated above 1.0 V, 
with almost no SEI layer formation during operation. The structure of the 
nanoporous Nb2O5 electrode is stable and no obvious deterioration was observed up 
to 300 cycles for two cut-off voltage windows at a current density of 0.4 Ag
−1
. The 
performance of the nanoporous Nb2O5 electrode is superior to the commercial Nb2O5 
electrode under identical testing conditions as well as those previously reported [37, 
42]. However, a small irreversible capacity loss is observed in the 1
st
 cycle, which 
might be due to irreversible electrochemical decomposition of the electrolyte or an 
impurity phase over the electrode surface. Such irreversible capacity loss during the 
first few cycles has also been observed in other nanoparticle electrodes [43-47].  
Additional results of electrochemical performance of the nanoporous Nb2O5 
electrodes are shown in Figure 4.7. The consecutive cycling behavior at different 
charge−discharge rates, measured after 5 cycles in ascending steps from 0.05 to 
2.6 Ag
−1
 and followed by a return to 0.2 Ag
−1
, is presented in Figures 4.7(a) and (d). 
It should be noted that the rate capability of the anode material is very important 
especially for application in electric vehicles [48, 49]. Galvanostatic discharge-
charge voltage profiles for the 1
st
 cycle at different charge−discharge rates (0.05, 0.2, 
0.4, and 0.8 Ag
−1
) are also depicted in Figures 4.7(b) and (e). At the 5
th
 cycle, the 
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nanoporous Nb2O5 electrode shows a high reversible discharge capacity of 
237 mAh g
−1
 at 0.05 Ag
−1
, which changes to 208 mAh g
−1
 at 0.2 Ag
−1
, 186 mAh g
−1
 
at 0.4 Ag
−1
 and 161 mAh g
−1
 at 0.8 Ag
−1
 with a cut-off voltage window of 1.0−3.0 V 
(Figure 4.7(a)).   
 
Figure 4.6: Electrochemical performance of commercial Nb2O5 and nanoporous Nb2O5 
electrodes: (a) cyclic voltammograms of nanoporous Nb2O5 electrode at a scan rate of 0.05 
mV s
−1
 between 1.0-3.0 V; (b) cycling stability up to 300 cycles at a current density of 
0.4 Ag
−1
; (c-e) corresponding galvanostatic discharge-charge voltage profiles for the selected 
cycles.  
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At the higher discharge cut-off voltage of 1.2 V (Figure 4.7(d)), the reversible 
discharge capacities were 209, 185, 170, and 153 mAh g
−1
 at a current density of 
0.05, 0.2, 0.4, and 0.8 Ag
−1
, respectively.  It is also notable that the nanoporous 
Nb2O5 electrodes tolerate very high current rates.  At the high current density of 
2.6 Ag
−1
, the reversible discharge capacities were 141 mAh g
−1
 (cut-off voltage of 
1.0-3.0 V) and 134 mAh g
−1
 (cut-off voltage of 1.2−3.0 V).  Even after 50 cycles 
with different charge-discharge rates, the recovered capacities were 201 mAh g
−1
 
(cut-off voltage of 1.0−3.0 V) (~96 % of the 5th cycle reversible capacity of 
208 mAh g
−1
 measured at 0.2 Ag
−1
) and 180 mAh g
−1
 (cut-off voltage of 1.2−3.0V) 
(~97 % of the 5
th
 cycle reversible capacity of 185 mAh g
−1
 measured at 0.2 Ag
−1
). 
When changing the current density from 0.05 to 2.6 Ag
−1
, the measured capacity 
degradation rate for both electrodes is very low and it is only 1.6 % at a cut-off 
voltage of 1.0−3.0 V and 1.4 % at a cut-off voltage of 1.2−3.0 V per cycle, 
demonstrating an excellent cycling stability. Coulombic efficiencies of the 
nanoporous Nb2O5 electrodes measured at different charge-discharge rates from 0.05 
to 2.6 Ag
−1
 are shown in Figures 4.7(c) and (f). High initial (1
st
 cycle) Coulombic 
efficiencies of 92 at 0.05, 95 at 0.2, 96 at 0.4, 97 at 0.8, and 95 % at a current density 
of 2.6 Ag
−1
 were observed for a cut-off  voltage of 1.0−3.0 V (Figure 4.7(c)). On the 
other hand, it is 89 at 0.05, 96 at 0.2, 97 at 0.4, 97 at 0.8, and 98 % at a current 
density of 2.6 Ag
−1
 when the cell is cycled between 1.2 and 3.0 V (Figure 4.7(f)). 
After the 1
st
 cycle, the Coulombic efficiencies reached ~100 %, in agreement with 
the stable cycling performance of the electrodes, even when operated at a high 
current density. The greatly enhanced lithium storage properties of the Nb2O5 
electrodes may be attributed to its vein-like nanoporous network, resulting in better 
ionic and electronic conduction throughout the electrode. 
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Figure 4.7: Electrochemical performance of the nanoporous Nb2O5 electrodes: (a, d) 
consecutive cycling behavior at different rates; (b, e) corresponding galvanostatic discharge-
charge voltage profiles for the 1
st
 cycle at each rate; (c, f) corresponding Coulombic 
efficiency at each rate.    
 
To understand the electrode kinetics, electrochemical impedance spectra (EIS) 
for both commercial Nb2O5 and nanoporous Nb2O5 electrodes were measured for 
fresh cells (Figure 4.8). The Nyquist plots show one compressed semicircle in the 
high to medium frequency range. A comparison of the diameters of the semicircles 
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indicates that the impedance of the commercial Nb2O5 electrode is larger than that of 
the nanoporous Nb2O5 electrode. The values of Rct (charge transfer resistance) for the 
commercial Nb2O5 and nanoporous Nb2O5 electrodes are calculated to be 
approximately 350 Ω and 236 Ω, respectively. The much smaller Rct of the 
nanoporous Nb2O5 electrode indicates that the vein-like nanoporous structure may 
aid in reducing polarization [50], with much easier charge transfer at the 
electrode/electrolyte interface, and consequently decrease the overall internal 
resistance of the battery. 
 
 
Figure 4.8: Electrochemical impedance spectra for the fresh cells of the nanoporous Nb2O5 
and commercial  Nb2O5 electrodes.     
 
According to eq (4.1), Nb2O5 electrodes store and release electrical energy by 
insertion and extraction of Li
+
 ions and electrons throughout the electrode material. 
To achieve high current rates, the electrode materials must simultaneously possess 
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rapid ionic and electronic diffusion. To realize ionic and electronic diffusion 
pathways in commercial Nb2O5 and nanoporous Nb2O5 electrodes, high 
magnification SEM images are presented in Figure 4.9. The charge-transfer reaction 
occurs by accepting an electron, the reaction pathway between the commercial 
Nb2O5 and the nanoporous Nb2O5 is quite different. SEM image of commercial 
Nb2O5 (Figure 4.9(a)) reveals that the sample consists of large agglomerated clusters 
of particles, which may delay free electrons movement.  It is well known that the 
major drawbacks for particle architectures are the increase in the random diffusion of 
electrons leading to a higher likelihood of electron entrapment and the increase in 
grain boundary density that trap free electrons [51, 52]. Therefore, Li
+
 diffusion can 
only occur at preferential locations where the electrically conductive path is well 
established which effectively limits the reaction area of commercial Nb2O5. On the 
other hand, the nanoporous Nb2O5 electrodes possess well defined, ordered channels 
that facilitate the fast transfer of Li
+
 ions and also provide excellent directional and 
continuous pathways for fast transfer of electrons ((Figure 4.9(b)). Hence, electron 
transport is much better in the nanoporous Nb2O5 network than for the electrode 
formed from commercial Nb2O5 particles.   
Furthermore, the high surface area (13.7 m
2
g
-1
) vein-like nanoporous network 
reduces the changes in volume while increasing the mobility of lithium ions.  The 
network also offers conductive pathways along the interconnected walls, which is 
also favourable for the rapid transport of electrons, promotes liquid electrolyte 
diffusion into the bulk, and acts as a buffer which absorbs the volume changes. All of 
these factors contribute to the enhancement of Li
+
 storage properties in nanoporous 
Nb2O5 electrodes. 
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Figure 4.9: SEM images of the commercial Nb2O5 (a) and the porous network of Nb2O5 (b) 
with possible fast pathways for Li ions and electrons.    
 
4.5 Summary  
In this chapter, the author of this thesis demonstrated a highly packed vein-like 
nanoporous network of Nb2O5 with many lateral interconnections, can be synthesised 
using a simple electrochemical anodization method at elevated temperature. The 
method provides an efficient process to obtain a nanoporous network with both well-
defined channels for fast diffusion of lithium ions and continuous directional 
pathways for fast electron transfer. The nanoporous Nb2O5 electrode with two 
different discharge cut-off voltages delivered a high reversible capacity up to 300 
cycles at a current density of 0.4 Ag
−1
. At the very high current density of 2.6 Ag
−1
, 
the reversible discharge capacities were 141 mAh g
−1
 (cut-off voltage of 1.0 - 3.0 V) 
and 134 mAh g
−1
 (cut-off voltage of 1.2 - 3.0 V), providing the best reported rate 
performance so far. Coulombic efficiencies of ~100 % after the 1
st
 cycle were 
observed when the cells were operated at different charge−discharge rates, in 
ascending steps from 0.05 to 2.6 Ag
−1
, followed by a return to 0.2 Ag
−1
. These results 
clearly demonstrate that nanoporous Nb2O5 electrodes are capable of retaining long 
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term cycling stability even without surface coating or cation doping. Furthermore, 
the material synthesis strategy can possibly be extended to produce other functional 
oxides for rechargeable lithium-ion batteries. 
In the next chapter, the author will present her achievements in producing two 
types of anodized Nb2O5 films on fluorine doped tin oxide (FTO) glass substrates 
which are synthesized in ethylene glycol and glycerol based electrolytes. The author 
will discuss in detail, the fabrication process, characterization and the investigation 
of structure morphologies and properties of these films to explore the fundamentals 
regarding the performance of dye-sensitized solar cells (DSSCs) made of anodized 
Nb2O5.   
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Chapter 5 
 
 
Reduced impurity-driven defect states in anodized 
nanoporous Nb2O5: the possibility of improving 
photoanodes’ performance 
  
5.1 Introduction 
 
In this Chapter, the PhD candidate presents the outcomes of her investigations 
on the development of dye-sensitized solar cells (DSSCs) based on two different 
types of anodized Nb2O5 films on fluorine doped tin oxide (FTO) glass substrates. 
Based on the knowledge achieved regarding the synthesis of unique structures of 
Nb2O5 nanoporous films via anodization approach as described in Chapters 3 and 4, 
the author draws her attention to employ a similar concept for developing highly 
porous films by anodizing sputtered niobium metal on FTO substrates which can 
potentially enhance the performance of DSSCs. The author also anodizes the 
sputtered niobium metal in glycerol based electrolyte to produce Nb2O5 
nanochannelled films using synthesis method reported by another group [1]. A 
comprehensive characterization of DSSCs incorporating both types of the anodized 
Nb2O5 films are presented and effect of the films properties including embedded 
impurity defects towards performance of DSSCs are also discussed. 
Anodization is now one of the most widespread nano-fabrication methods due 
to its capability of producing highly porous and ordered oxide morphologies. 
Usually, fluorine (F) and phosphorus (P) based electrolytes are utilized in 
anodization processes to produce thick organized nanostructures [1-4]. The obtained 
anodized oxides offer many advantages such as self-organized formation, large 
surface area, controllable pores and film thickness, as well as ordered electron 
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transport pathways. These properties promote the anodized oxide as potential 
candidates in various applications including sensing, solar cells, Li-ion batteries, 
photocatalysts, and electrochromic windows [5].  
Unfortunately, the induction of embedded ionic impurities during the 
anodization process negates many of the aforementioned advantages of the anodized 
oxides [1, 6-8]. These impurities increase the exciton-like trap states, which obstruct 
the unhindered transfer of free charge carriers and increase the electron scattering 
effect within the oxide structure [9]. Unfortunately, this results in serious efficiency 
limitations for anodized oxides incorporated into various devices. By minimizing the 
induced defect states during the anodization process, the quality of the anodized 
oxide can be enhanced for many applications ranging from sensing to 
photoconversion [9]. 
In the previous Chapter 3 and 4, the author of this PhD thesis has successfully 
fabricated the anodized Nb2O5 on foil with no observable impurity effects by 
optimizing electrolyte and anodization conditions in a F containing electrolyte [3, 
10]. However, the growth of the nanoporous Nb2O5 on the foil limits the application 
of its films in many optical systems, thus it is essential to realize transparent 
configurations of such films. In this chapter, the author reports the synthesis of 
anodized nanoporous Nb2O5 on FTO using a similar electrolyte composition 
(ethylene glycol [C2H6O2] + ammonium fluoride [NH4F] – denoted as Nb2O5-
EGAF). Since report by Lee et al. shows a promising technique to grow thick 
organized Nb2O5 nanostructure, the K containing electrolyte based on glycerol 
(glycerol [C3H8O3] + potassium phosphate dibasic [K2HPO4] – denoted as Nb2O5-
GLPP) is also selected in this study [1].  
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The contents of this chapter were published as a communication article in the 
journal of Chemical Communications [11].   
5.2 Materials and method of experiments 
5.2.1 Niobium films sputtering 
The initial material for fabricating the nanoporous Nb2O5 was niobium metal, which 
was deposited onto 2 × 1.5 cm of FTO using an RF sputtering system. A niobium 
target of 99.95% purity was placed at a distance of 65 mm from the substrate stage. 
The base pressure of the sputtering chamber was set to 1 × 10
–5 
Torr. The sputtering 
process was conducted in the presence of 100% argon at 2 × 10
–2 
Torr. During the 
deposition process, a constant RF power of 120 W was applied and the substrate 
temperature was set at 260 °C. A film thickness of ~2.4 μm niobium metal was 
formed on the FTO after 150 minutes of sputtering. 
5.2.2 Anodization of niobium films  
The anodization of niobium films was carried out in a two electrode configuration. 
The electrolyte for forming Nb2O5-EGAF was a combination of 0.25 g NH4F (98 % 
purity, Sigma Aldrich), and 4 vol% deionized water in 50 ml ethylene glycol (98% 
purity, Sigma Aldrich). The electrolyte was kept at an optimum temperature of 50 °C 
during each experiment [3]. For forming Nb2O5-GLPP, the suggested experimental 
conditions for the electrolyte based on glycerol is 10 wt% K2HPO4 (98% purity, 
Sigma Aldrich) in 50 ml glycerol (99% purity, Sigma Aldrich) at an optimum 
temperature of 180 °C [1]. The anodization experiment for both electrolyte 
conditions was examined under different voltages of 10, 15 and 20 V. After 
anodization, the samples were carefully washed with deionized water and dried in a 
nitrogen gas stream. Then, Nb2O5-EGAF and Nb2O5-GLPP samples were annealed 
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in air at temperatures of 430 and 500 °C for 60 minutes, respectively, with a slow 
ramp up and down rate of 2 °C/minute. The annealing temperatures were chosen as 
they produced the best crystal phases and structures. Annealing at higher 
temperatures causes deterioration of the films. 
5.2.3 Structural characterization 
The surface and cross-sectional morphology of the nanoporous Nb2O5 films were 
characterized using a FEI Nova NanoSEM scanning electron microscopy (SEM). 
The crystal structures of the Nb2O5 films were characterized by a D8 Advance 
Bruker AXS X-ray diffractometer with GADDS (General Area Detector Diffraction 
System) attachment fitted with a 50 μm spot size collimator, incorporating a High 
Star 2-dimensional detector and CuKα radiation (λ = 0.1542 nm) operating at 40 kV 
and 40 mA. The chemical compositions of the Nb2O5 films were conducted using a 
Thermo K-alpha X-ray Photoelectron Spectrometer (XPS). The analysis of the 
surface to volume ratios of the films was conducted using ImageJ. 
5.2.4 Solar cell fabrication 
The nanoporous Nb2O5 photoanodes were first immersed in a 0.3 mM Dyesol 
RuL2(NCS)2 (L = 2,2-bipyr-idyl-4,4-dicarboxylic acid) (N3 dye) ethanol solution 
and kept at room temperature for 24 hours. The counter-electrode was 10 nm thick 
platinum, sputtered on a FTO substrate (Delta Technologies). The electrolyte used 
was Dyesol high performance electrolyte (EL-HPE) with     
   as the redox species, 
inorganic iodide salt, organic iodide salt, and pyridine derivative as the additives 
dissolved in acetonitrile and valeronitrile. The dye-adsorbed Nb2O5 photoanodes and 
platinum counter-electrodes were assembled into a sandwich- type cell and sealed 
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with a hot-melt Surlyn with a thickness of 25 μm (Dyesol). The Nb2O5 electrodes 
had dimensions of 5 × 5 mm (0.25 cm
2
). 
5.2.5 Solar cell characterization 
The dye loading measurements of the sensitized Nb2O5 photoanodes were 
established by desorbing the dye molecules from the photoanode in 10 mM KOH 
solution. UV-Vis absorption spectra of the desorbed dye were examined using a 
spectrophotometric system consisting of a Micropack DH-2000 UV-Vis-NIR light 
source and an Oceanoptics HR4000 spectrophotometer. Photovoltaic measurements 
were performed using an AM 1.5 solar simulator (ABET Technologies LS-120 solar 
light source fitted with an AM 1.5 filter). The power of the simulated light was 
calibrated to 100 mW.cm
2
 by using a reference silicon photodiode with a power 
meter (1835-C, Newport) and a reference silicon solar cell to reduce the mismatch 
between the simulated light and AM 1.5. A Keithly 2602 source meter was used to 
produce the J-V characteristics of the cells at a voltage ramping rate of 0.01 V s
1
, 
and a Labview program was used to interpret the J-V data generated. EIS spectra 
were measured in the dark and biased with the open circuit voltage value of the 
DSSCs using a CHI 700 electrochemical workstation with an impedance analyzer in 
a two-electrode configuration. A 10 mV AC perturbation was applied ranging 
between 10 mHz and 100 kHz. Open-circuit photovoltage decay measurements were 
conducted by illuminated the DSSCs under simulated solar lamp for ~20 s and then 
the transient of the open circuit photovoltage was measured after the lamp was 
switched off. The velocity of the photovoltage decay is directly related to the 
electron lifetime by the following expression [12, 13]:  
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    (5.1) 
where     is the thermal energy,         is the derivative of open circuit voltage 
transient and   is the positive elementary charge. 
5.3 Results and discussion   
Scanning electron microscopy (SEM) images of the surface and the cross-section of 
the as-sputtered niobium layer can be viewed in Figures 5.1(a) and (b), respectively. 
From these observations, it can be clearly seen that the sputtered niobium layer 
consists of compressed, vertically-aligned nanorods. The top of the nanorods has 
arrow-head shaped platelets with widths ranging from 50 to 120 nm. In this study, 
the initial thickness of the niobium metal is chosen to be ~2.4 μm, as thicker layers 
cannot be fully and homogenously anodized.  
Normally, the conventional anodization methods require high voltages (on the 
order of 60 V) in order to enhance field assisted growth of anodic oxide [14].  
Nevertheless, in this study the author are able to produce thick layers of anodized 
Nb2O5 on FTO at voltages on the order of 10 to 20 V. To fabricate the Nb2O5-EGAF, 
the as-sputtered niobium films are anodized at three different voltages of 10, 15 and 
20 V for 1 hour. Three different film thicknesses of ~3.5, ~5.0 and ~6.8 μm are 
obtained, respectively (Figure 5.2). It is observed that the pore openings on the 
surface of the Nb2O5-EGAF become wider at higher voltages, while the widths of the 
walls of the remaining oxide decrease. SEM images in Figure 5.1(c) represent the 
surface morphology of the Nb2O5-EGAF after 1 hour anodization at 15 V and 
annealing at 430 °C. From the cross-sectional view of the SEM image (Figure 
5.1(d)), it is found that the layer contains nanorod-like structures that consist of a 
porous chain-like network distribution. An applied voltage of 15 V is the best 
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condition for forming the Nb2O5-EGAF, since its morphology is still maintained and 
it is fully crystalline after annealing at 430 °C. Note that when the Nb2O5-EGAF 
(~6.8 μm) is anodized at 20 V, it appears to be slightly cracked after annealing and 
only partially crystallized when a lower temperature is applied. 
 
 
Figure 5.1: SEM images of the top view (a) and cross-sectional view (b) of sputtered 
niobium films. SEM images of anodized Nb2O5: (c) top view and (d) cross-sectional view of 
the Nb2O5-EGAF after annealing at 430 ºC, (e) top view and (f) cross-sectional view of the 
Nb2O5-GLPP after annealing at 500 ºC. 
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The fabrication of the Nb2O5-GLPP is also performed at three different 
voltages: 10, 15 and 20 V. As shown in Figure 5.3, Nb2O5-GLPP films of three 
different thicknesses (~3.5, ~5.0 and ~6.6 μm) and surface pore sizes of are produced 
when 10, 15 and 20 V are applied during anodization. Since a high temperature is 
used in this process, the anodization duration of the Nb2O5-GLPP is short and takes 
only 3 to 9 minutes, depending on the voltage applied. The SEM images in 
Figure 5.1(e) show the surface morphology of the Nb2O5-GLPP anodized at 15 V 
after annealing at 500 C, while Figure 5.1(f) presents the cross-sectional view. It is 
observed that the surface of the Nb2O5-GLPP consists of a well-established pore 
distribution, with outer walls of less than 10 nm. Furthermore, the author also 
identifies the presence of a secondary porous layer underneath the initial layer of the 
Nb2O5-GLPP. The pore diameter of the secondary layer ranges from 20 to 40 nm. 
The cross-sectional part of the Nb2O5-GLPP forms compact nanochannels with 
diameters of 20 to 40 nm, which are similar to the pore dimensions of the secondary 
layer. In comparison, it is observed that the surface area of the Nb2O5-GLPP 
(Figure 5.1(e)) layer is larger, which is approximately 3 × higher than that of Nb2O5-
EGAF (Figure 5.1(c)). 
 As can be seen in Figures 5.2 and 5.3, increasing the applied voltage to up to 
20 V enlarges the pore size due to the enhancement of the chemical dissolution effect 
on the porous structure.  It is observed that the pore openings on the surface of the 
nanoporous Nb2O5 become wider at higher voltages, while the widths of the walls of 
the remaining oxide decrease. Furthermore increasing the applied voltage, it also 
increases the thickness of the nanoporous films. Three different film thicknesses 
ranging from ~3.5 to ~6.8 μm, which are obtained at 10, 15 and 20 V are shown in 
Figures 5.2 and 5.3. 
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Figure 5.2:  SEM images of top view (a-c) and cross-sectional view (d-f) of Nb2O5-EGAF 
prepared at different anodization voltages, (a,d) 10 V, (b,e) 15 V, and (c,f) 20 V in the 
electrolyte of 50 ml ethylene glycol with 0.25 g NH4F and 4 vol% H2O at 50 °C. 
 
 
Figure 5.3: SEM images of top view (a-c) and cross-sectional view (d-f) of Nb2O5-GLPP 
prepared at different anodization voltages, (a,d) 10 V, (b,e) 15 V, and (c,f) 20 V in the 
electrolyte of 50 ml glycerol with 10 wt% K2HPO4 at 180 °C. 
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The crystal phase of annealed nanoporous Nb2O5, anodized in the presence of 
Nb2O5-EGAF and Nb2O5-GLPP electrolytes were determined by X-ray diffraction 
(XRD). Figure 5.4 shows the diffraction pattern of annealed nanoporous Nb2O5-
EGAF and Nb2O5-GLPP.  From these data, the diffraction pattern of the nanoporous 
Nb2O5-EGAF, contains a dominant orthorhombic Nb2O5 phase (ICDD30-0873), as 
indicated by peaks appearing at 22.6, 28.5, 37, 45, 46.3, 50.5, and 55.5° 2-theta [10, 
15]. The XRD patterns also indicate that the nanoporous Nb2O5-GLPP has an 
orthorhombic (ICDD 30-0873) Nb2O5 phase [10, 15]. However, there are no obvious 
peaks indicating structural impurities in these patterns. As a result, X-ray 
photoelectron spectroscopy (XPS) analysis is employed to trace the impurities in 
both samples. Measurements are performed at five different levels on each anodized 
Nb2O5 sample with an etching time of 20 seconds at a power of 2 keV. From XPS 
analysis (Figure 5.5(a)), the spectra of annealed Nb2O5-EGAF and Nb2O5-GLPP 
confirm the presence of elemental niobium and oxygen. The F1s scans (Figure 
5.5(b)) indicate that the Nb2O5-EGAF contains no fluorine impurity. For  the Nb2O5-
GLPP, lower peaks of potassium (~2.7%) and phosphorus (~1.8%) are detected in 
the spectra.[1] The spectra of K2p scans (Figure 5.5(c)) show that the intensity of the 
peaks of potassium at 293.8 eV (2p3) and 296.5 eV (2p1) is still observable until the 
4th etch level of the Nb2O5-GLPP. Meanwhile, the peaks of phosphorus (134.3 eV) 
in the P2p scans (Figure 5.5(d)) are only obvious until the 3rd etch level, and become 
weaker when the 4th level is reached. These results indicate that small amounts of 
potassium and phosphorus ions in the glycerol based electrolyte are embedded into 
the structure of Nb2O5-GLPP, which can potentially contribute to the formation of 
defect states. However, the annealed Nb2O5-EGAF seems to be void of any 
detectable impurities.  
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Figure 5.4: XRD patterns of annealed nanoporous (a) Nb2O5-EGAF (blue line) and (b) 
Nb2O5-GLPP (red line). Orthorhombic Nb2O5 (ICDD30-0873) is denoted by ٭,  while FTO is 
denoted by ■.  
 
Since Nb2O5-EGAF and Nb2O5-GLPP films offer thick and unique highly 
ordered architectures, they are beneficial for potential use in photo-conversion as 
well as many other applications. To evaluate the photo-conversion characteristics of 
anodized nanoporous Nb2O5, several tests are conducted by assembling the material 
as photoanodes in DSSCs. Samples of ~ 5.0 µm thickness are used. In order to 
determine the anodized Nb2O5 dye loading, its UV-Vis absorption spectra are 
obtained (Figure 5.6). Measurement of dye coverage has been conducted by 
desorbing the adsorbed dye from the photoanode into the 10 mM KOH solution and 
measuring the absorbance of the solution. The calculated dye loading amounts for the 
Nb2O5-EGAF and Nb2O5-GLPP photoanodes were 63.6 and 74.8 nmol/cm
2
 at 
534 nm, respectively.  
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Figure 5.5: (a) XPS spectra of the Nb2O5-EGAF and Nb2O5-GLPP. (b) Detailed XPS spectra 
of fluorine (F) (centered at 688.5 eV) for the Nb2O5-EGAF. (c) Detailed XPS spectra of 
potassium (K) (centered at 293.8 and 296.5 eV) and (d) phosphorus (P) (centered at 134.3 
eV) for the Nb2O5-GLPP. 
 
 
Figure 5.6: UV-Vis absorption spectra of N3 dye desorbed from Nb2O5-EGAF (blue line) 
and Nb2O5-GLPP (red line) photoanodes.  
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The photocurrent density (J) – voltage (V) curves of the Nb2O5-EGAF and Nb2O5-
GLPP DSSC under AM 1.5 irradiation of 100 mW cm
2 
are shown in Figure 5.7(a). 
The DSSC parameters for both devices, including short-circuit current density 
Jsc (mAcm
2
), open-circuit voltage Voc (V), fill factor (FF) and photoconversion 
efficiency η, are listed in Table 5.1. The Nb2O5-EGAF DSSC exhibits 3.45% 
efficiency (η). The efficiency (η) of the Nb2O5-EGAF DSSC is 57% higher than that 
of the Nb2O5-GLPP DSSC, despite its smaller surface area and lower dye loading. 
Additionally, the Nb2O5-EGAF DSSC exhibits a 34% higher FF value than that of 
the Nb2O5-GLPP DSSC. 
Open-circuit photovoltage decay measurements are conducted in order to study 
the electron lifetime, τn, and the recombination effect in DSSCs. Figure 5.7(b) and (c) 
shows the plots of open-circuit photovoltage decay of the Nb2O5 DSSCs as a function 
of elapsed time and the estimated electron lifetime. From the graphs, it is observed 
that the photovoltage decay of the Nb2O5-GLPP DSSC, has an obvious ‘kink’, i.e. a 
decay velocity that is much faster than that of the Nb2O5-EGAF DSSC. At voltages 
above 0.45 V, the electron lifetime (τn) of the Nb2O5-GLPP DSSC is slightly higher 
than that of the Nb2O5-EGAF DSSC. However, the τn of the Nb2O5-GLPP DSSC 
suddenly decreases to nearly an order lower in magnitude than that of the Nb2O5-
EGAF DSSC, when the voltage is less than 0.45 V. This condition possibly indicates 
that the electrons in the Nb2O5-EGAF DSSC demonstrate overall longer lifetimes in 
comparison to those of the Nb2O5-GLPP DSSC, despite its lower Voc, thus potentially 
reflecting better charge recombination kinetics.  
The origin of this interesting observation can be possibly ascribed to the 
influence of impurities in the photoanode. As discussed previously, XPS results have 
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revealed that the Nb2O5-GLPP photoanode has significant amounts of embedded 
potassium and phosphate impurities. This factor increases the number of trap states 
in the Nb2O5-GLPP photoanode, causing longer residence times [16]. As a result, the 
free electron concentration is reduced, leading to the interruption of electron transfer 
and the shortening of the electron lifetime, therefore lowering the photoconversion 
efficiency [3, 9, 17]. Furthermore, it is possible that the presence of these impurities 
on the surface increases the possibility of electron trapping within the interface 
between the photoanode and the     
   electrolyte, thus promotes the electron to 
recombine with the   
  ions in the electrolyte [9, 16, 18].  
 
 
Figure 5.7: Performances of the DSSCs fabricated using Nb2O5-EGAF (blue lines) and 
Nb2O5-GLPP (red lines) photoanodes: (a) current–voltage (J-V) characteristics, (b) 
photovoltage decay plots (c) electron lifetime determined from photovoltage decay, and (d) 
Nyquist plots. 
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Table 5.1: Photovoltaic properties of Nb2O5-EGAF and Nb2O5-GLPP DSSCs. 
Sample Voc  (V) Jsc (mA) Fill Factor Efficiency, (%) 
Nb2O5-EGAF 0.635 8.72 0.625 3.45 
Nb2O5-GLPP 0.670 6.91 0.468 2.20 
 
 
Additionally, the author also investigates the electron recombination kinetics 
of the DSSCs using electrochemical impedance spectroscopy (EIS). EIS spectra of 
Nb2O5 DSSCs were measured in the dark at an applied bias of Voc, using a CHI 700 
electrochemical workstation with an impedance analyzer in a two-electrode 
configuration. A 10 mV AC perturbation was applied ranging between 100 kHz and 
10 mHz. The EIS measurements of the DSSCs are presented by Nyquist plots and 
Bode phase plots in Figure 5.7(d) and Figure 5.8, respectively. According to Figure 
5.7(d), the two well-defined semicircles of the Nyquist plots represent the charge 
transfer for the redox reaction of     
   at the Pt counter electrode/electrolyte 
interface (in the kHz range) and the electron transfer/charge recombination at the 
photoanode/dye/electrolyte interface (1-100 Hz), respectively. It is suggested that the 
radius of the second semicircles define the charge-transfer resistance of the DSSCs 
[19, 20]. The graph shows that the semicircles radius of the Nb2O5-EGAF DSSC are 
3-fold larger than that of Nb2O5-GLPP DSSC, indicating lower electron 
recombination with the tri-iodide ions in the Nb2O5-EGAF DSSC due to the high 
charge-transfer resistance. In addition, the Bode phase plots in Figure 5.8 also 
demonstrate that the Nb2O5-EGAF DSSC has a longer electron lifetime, since it has a 
lower frequency peak position in comparison to Nb2O5-GLPP DSSC. 
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Figure 5.8: Bode phase plots of the impedance spectra. Electrochemical impedance spectra 
of the DSSCs fabricated using Nb2O5-EGAF (blue line) and Nb2O5-GLPP (red line) 
photoanodes with thicknesses of ∼5 μm.  
 
5.4 Summary  
In this chapter, the author of this thesis demonstrated nanoporous Nb2O5 films on 
FTO are successfully fabricated using an anodization process. When a suitable 
electrolyte containing fluorine is used, thick anodized nanoporous Nb2O5 with high 
surface area can be produced, and the impurity defects in the anodized films can be 
significantly reduced, below detectable levels using XPS. The measurements indicate 
that the photoconversion efficiency of Nb2O5-EGAF DSSC is much better than that 
of Nb2O5-GLPP DSSC with the same photoanode thickness. This study also reveals 
that the existence of defect states in photoanodes is possibly one of the key factors 
that affects the degradation electron lifetime in DSSCs and as a result, the overall 
DSSCs efficiency. Nb2O5-EGAF photoanodes with no detectable fluoride impurities 
exhibit longer electron lifetimes in comparison to Nb2O5-GLPP photoanodes, 
indicating better charge recombination. These results signify the importance of the 
120 
 
electrolyte choice and composition in the anodization process of nanoporous Nb2O5. 
This findings also show that these transparent anodized nanoporous Nb2O5 films can 
potentially provide a novel platform for applications, where low scattering and 
minimum impurity pathways for charge transport are essential. 
In the next chapter, the author will present DSSCs based on the anodized 
Nb2O5 nanochannelled film fabricated on niobium foil. The chapter will focus on the 
investigation of different thicknesses of nanochannelled films in order to reveal more 
information on the influence of their structural properties on DSSCs performance. 
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Chapter 6 
 
 
Highly ordered anodized Nb2O5 nanochannels for 
dye-sensitized solar cells 
 
6.1 Introduction 
In this Chapter, the PhD candidate presents the outcomes of her investigations on the 
development of dye-sensitized solar cells (DSSCs) based on anodized Nb2O5 
nanochannelled films fabricated onto niobium (Nb) foil. Based on the knowledge 
achieved regarding the synthesis of anodized Nb2O5 nanochannelled films via 
anodization in glycerol based electrolyte, as described in Chapter 5, the author draws 
her attention to employ a similar concept for developing foil based photoanodes for 
DSSCs. The author investigates and provides experimental correlation between the 
thicknesses of nanochannelled films and the impact on the overall DSSCs 
performance.    
 Potentially, as discussed in Chapter 2, Nb2O5 is a suitable material for 
developing dye-sensitized solar cells (DSSCs) due to its relatively high conduction 
band edge, electron injection efficiency and chemical stability [1-4]. So far, the best 
photoconversion efficiencies of Nb2O5 films have exceeded ~6% using 
hydrothermally grown nanorods at a thickness of ~11 μm [3]. However, the 
preparation of such films is time consuming (over 24 h) and involved toxic materials, 
which limits their applicability. As an alternative synthesis method of nanostructured 
Nb2O5, anodization has been recognized as a fast approach for forming highly 
ordered nanoporous Nb2O5 at relatively mild synthesis conditions. To achieve high 
conversion efficiencies, well-ordered, large surface-to-volume ratio, low embedded 
123 
 
structural impurities and highly crystalline photoanodes are required. In the previous 
chapter, the author has previously introduced an efficient anodization method to 
obtain well-ordered, highly porous and low embedded impurity Nb2O5 nanovein-
networks for DSSCs. Despite the presence of such desirable characteristics, these 
DSSCs only showed a maximum conversion efficiency of 3.45 % due to the lack of 
film integrity, which could not result in thicknesses exceeding 5 μm. An anodization 
method that can produce a higher level of order should solve this problem. 
 Recently, highly ordered Nb2O5 nanochannels with thicknesses of up to 
25 μm has been demonstrated by anodizing Nb foil in a glycerol based electrolyte at 
elevated temperatures [5]. This kind of nanostructure can be potentially employed as 
a photoanode for DSSCs in which high dye absorption is expected due to a very large 
surface area. Therefore, in this work, the author of this PhD thesis fabricated DSSCs 
based on highly ordered anodized Nb2O5 nanochannelled films with the thicknesses 
ranged from 5 to 25 μm. The DSSCs and their associated films were 
comprehensively characterized.   
The contents of this chapter were published as a communication article in the 
journal of Electrochemistry Communications [6].   
6.2 Materials and method 
Niobium foil with dimensions of 1.2 cm × 1.5 cm (99.9% purity, Sigma Aldrich) was 
anodized at 15 V for 3 to 15 min to produce 5 to 25 μm Nb2O5 nanochannels. The 
anodization was conducted using the electrolyte containing 10 wt.% K2HPO4 (98% 
purity, Sigma Aldrich) in anhydrous glycerol (99% purity, Sigma Aldrich), at 180 °C 
as suggested previously [5]. The as-anodized samples were annealed in air at 450 °C 
for 30 min (ramp up/down of 2 °C/min). The Nb2O5 samples were then characterized 
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using scanning electron microscopy (SEM − FEI Nova NanoSEM), X-ray diffraction 
(XRD), Raman spectroscopy (Oceanoptics QE6500 spectrometer), and Thermo K-
alpha X-ray photoelectron spectrometer (XPS). The XPS analysis was performed at 
different thicknesses (etched levels) of the anodized Nb2O5 samples by etching the 
films at 2 keV (9 etching levels − each for the duration of 30 s). The Nb2O5 samples 
were then immersed in a 0.3 mM N3 dye for 24 h. The dye-absorbed Nb2O5 
photoanodes and platinum counter-electrodes were assembled and sealed with a hot-
melt Surlyn (Figure 6.1(a)). The electrolyte used was Dyesol EL-HPE. The active 
area dimensions of Nb2O5 photoanodes were 5 mm × 5 mm (0.25 cm
2
). 
UV−vis absorption spectra of the desorbed dye were examined using an 
Oceanoptics HR4000 spectrophotometer. Photovoltaic measurements were 
performed using a solar simulator (ABET, LS-120). The photovoltage decays were 
obtained by illuminating the DSSCs under the solar simulator for ~20 s and then the 
open circuit transient photovoltages were measured after switching off. The 
electrochemical impedance spectroscopy (EIS) was conducted by applying an AC 
perturbation voltage of 10 mV at frequencies ranging from 10 m to 100 kHz under a 
DC bias voltage of –0.64 V in dark and illumination conditions (CHI-700 
electrochemical workstation). 
6.3 Results and discussion   
The morphologies of the annealed Nb2O5 nanochannelled films were characterized 
using SEM. Figure 6.1(b) represents a ∼10 μm thick nanochannelled film, which is 
formed after 7 min of anodization at 15 V. The top image of the oxide film shows a 
highly porous structure (inset in Figure 6.1(b)). Furthermore, there are secondary sets 
of porous layers underneath the initial oxide layer, which consist of more organized 
nano-sized pores with average diameters ranging from 30 to 50 nm. The side walls 
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are around 10 to 15 nm thick. Cross-sectional SEM image in Figure 6.1(c) reveals 
that the Nb2O5 layers are composed of well-aligned and continuous nanochannels. A 
barrier layer with a thickness of approximately 80 to 100 nm can also be observed 
underneath the nanochannels (inset in Figure 6.1(c)).  
Figure 6.1(d) shows the XRD patterns of the as-anodized and annealed Nb2O5 
films. The as-anodized film is amorphous (diffraction peaks appear at 55.5 and 69.9° 
2-theta) [1]. After annealing at 450 °C, the films are transformed into orthorhombic 
with typical peaks at 22.7, 28.5, 36.9, 42.6, 46.2, 48.0, 55.5, 58.7 and 63.7° 2-theta 
[7]. From the Raman spectra in Figure 6.1(e), the as-anodized Nb2O5 shows two 
typical broad peaks centered at 670 and 258 cm
−1
, confirming its amorphous nature 
[1]. Meanwhile, for the annealed sample, a strong broad peak at about 698 cm
−1
 
dominates the spectrum and some weaker features are also observed at around 150 to 
440 cm
−1
, which further confirms that the annealed Nb2O5 is orthorhombic [8]. The 
XPS patterns in Figure 6.1(f) reveal that both potassium (K2p) and phosphorus (P2p) 
traces can be found at different thicknesses of the annealed Nb2O5 films, in addition 
to niobium (Nb) and oxygen (O) elements. The average magnitude of K2p and P2p 
peak intensities, which were taken at different etching levels (Figure 6.2), are 18.2k 
and 3.0k counts for 5 μm, 10.5k and 3.2k counts for 10 μm, 16.1k and 5.3k counts 
for 15 μm, and 14.1k and 3.9k counts for 25 μm of Nb2O5 films, respectively. It is 
believed that these detected potassium and phosphorus ions from the electrolyte were 
embedded into the Nb2O5 films during the anodization.  
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Figure 6.1: (a) The images of a typical Nb2O5 film and DSSCs. (b, c) Cross-sectional SEM 
images of Nb2O5 nanochannelled structure (inset in (b): top view; inset in (c): bottom view). 
(d) XRD patterns. Orthorhombic Nb2O5 (ICDD 27-1003) is indicated with o, while niobium 
metal (ICDD 35-0789) is indicated with ♦. (e) Raman spectra. (f) XPS patterns of the 
annealed Nb2O5 films after being etched – the 9
th
 level as described in Methods section. (g) 
UV-vis absorption spectra of N3 dye desorbed from annealed Nb2O5 films. 
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Figure 6.2: (a) Detailed XPS spectra of (a, c, e, g) potassium (K2p) (centered at 293.8 and 
296.5 eV) and (b, d, f, h) phosphorus (P2p) (centered at 134.3 eV) at different thicknesses of 
the Nb2O5 nanochannelled films after being etched up to the 9
th
 level as described in Methods 
section. 
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Due to a large surface area, undoubtedly a substantial quantity of dye can be 
absorbed onto the nanochannelled structure (Figure 6.1(g) and Table 6.1). The 
largest dye quantity of ~251 nmol/cm
2 
was desorbed from the 25 μm thick 
photoanode. Figure 6.3(a) presents the photocurrent density-voltage (J-V) 
characteristics of the DSSCs under the testing conditions of AM 1.5, 100 mW/cm
2
. 
The corresponding photovoltaic parameters are summarized in Table 6.1. Both the 
current density (Jsc), and efficiency (η) of the DSSCs enhance as the film thickness 
increases from 5 to 10 μm. However, reductions in Jsc and η are observed, when the 
photoanode thickness exceeds 15 μm. Meanwhile, the overall open-circuit voltage 
(Voc) decreases with increasing the film thickness, which is consistent with previous 
studies [9]. The 10 μm thick DSSC in general has a superior performance in 
comparison to other thicknesses: a Voc of 0.639 V and a Jsc of 17.6 mA/cm
2
 that 
produce a conversion efficiency of 4.48 % with the fill factor of 39.8 %. 
Further characterization on charge recombination and electron transport was 
carried out by conducting photovoltage decay and EIS measurements. The electron 
lifetime (Figure 6.3(b)) and the charge transfer resistance (Figure 6.3(c) and (e)) are 
both decreased by increasing the film thickness, indicating that a larger number of 
charge recombinations occur in the thicker films [1, 10]. This conclusion is also 
supported by the Bode phase plots (Figure 6.3(d) and (f)), in which the frequency 
peaks of thicker films are more right-shifted, indicating shorter electron lifetimes. 
Although the 5 μm DSSC demonstrates longer electron lifetime and larger charge 
transfer resistance than those of 10 μm DSSC, smaller amount of dye coverage limits 
the generation of photocurrent, leading to a lower conversion efficiency. Despite 
having larger surface areas than 10 μm device, both 15 and 25 μm devices show 
lower efficiencies. This indicates more obstructed free charge carrier transport for 
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thicker films. In thicker films, the injected electrons face a longer path length to 
complete the circuit, while impeded by a higher number of recombination centers 
[11, 12]. The embedded defect sites, generated by the ion impurities (Figure 6.1(f) 
and Figure 6.2), promote strong trapping of the free charge carriers and increase the 
carrier scattering effect within the photoanode [2, 13]. Such observations are also 
experienced in DSSCs based on TiO2 nanotubes [1, 14].  
 
Table 6.1: Summary of the dye coverage (at the wavelength of 534 nm) and photovoltaic 
parameters of the DSSCs at different Nb2O5 film thicknesses. 
  
Sample 
thickness 
(μm) 
Dye 
coverage 
(nmol/cm
2
) 
Voc  (V) Jsc (mA) FF (%)  (%) 
5 64.31 0.710 8.24 40.3 2.36 
10 109.75 0.639 17.6 39.8 4.48 
15 132.84 0.661 10.5 52.0 3.63 
25 251.06 0.596 14.6 42.6 3.71 
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Figure 6.3: Performances of the DSSCs based on various Nb2O5 nanochannelled film 
thicknesses: (a) J-V characteristics, (b) photovoltage decay plots (inset: electron lifetime as a 
function of voltage), (c, e) Nyquist and (d, f) Bode phase plots of the EIS spectra measured 
in the dark and illumination conditions, respectively. 
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6.4 Summary  
In this chapter, the author of this thesis demonstrated the performances of DSSCs 
based on different thicknesses of anodized Nb2O5 nanochannelled films were 
investigated. The results revealed that the DSSCs with 10 μm thick Nb2O5 films 
exhibited the highest efficiency of 4.48 %. Further characterizations using 
photovoltage decay and EIS showed that increasing the photoanode thickness 
resulted in shorter electron lifetime and faster electron recombination. This is 
associated to the increase of the path length for the injected electron and free charge 
carrier scattering effect due to the embedded structural impurities within the 
photoanodes. The author believes that there are real potentials in implementing the 
presented highly ordered Nb2O5 nanochannels in DSSCs. However, the embedded 
impurities should be reduced by adjusting the anodization parameters in further 
investigations. Additionally, the application of other commercial dyes should also be 
considered in order to obtain higher efficiencies. 
In the next chapter, the author will present the summary and concluding 
remarks of this PhD thesis. In addition, the author will highlight her achievements 
and elaborate on the future outlooks for this research. 
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Chapter 7 
 
 
Conclusions and future works 
7.1 Concluding remarks 
The PhD candidate began her PhD research with the vision of developing 
nanostructured Nb2O5 using various anodization approaches to obtain structural 
properties capable of enhancing the performance of hydrogen (H2) gas sensors, 
lithium-ion batteries (LIBs) and dye-sensitized solar cells (DSSCs) based on such a 
material. 
In the term of this PhD research, the author carefully and critically studied 
numerous literature related to the project especially on Nb2O5 and anodization 
methods. From the knowledge gained, it was found that available information on the 
properties, method of synthesis and applications of Nb2O5 was limited, particularly 
regarding the incorporation of anodized Nb2O5 films in sensors, LIBs and DSSCs. As 
such, the author launched a comprehensive investigation on Nb2O5 and prepared a 
review article focusing on its fundamental properties and synthesis techniques as 
well as conventional and recent applications. Through this stage, the author identified 
the potential approaches for developing gas sensors, LIBs and DSSCs based on 
anodized Nb2O5 films with desirable and enhanced performances. 
In order to achieve the objectives of PhD research, the candidate conducted her 
investigations in four stages. In the first stage, she demonstrated H2 gas sensors based 
Schottky devices using Nb2O5 nanoporous vein-like networks, which were 
synthesized by anodizing niobium (Nb) foils in an electrolyte based on ethylene 
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glycol containing a small amount of ammonium fluoride (NH4F) and deionized water 
at elevated temperature. Subsequently, in the second stage, the PhD candidate 
incorporated similarly obtained anodized Nb2O5 nanoporous vein-like networks as 
LIB electrodes. She synthesized thick Nb2O5 nanoporous films of up to ~ 4 μm for 
this application, which resulted in a remarkable LIB performance.  In the third stage, 
the PhD candidate employed the similar anodization approach in the first stage of 
research for developing highly porous films from sputtered Nb films on fluorine 
doped tin oxide (FTO) glass substrate. She also anodized the sputtered Nb films at a 
relatively higher temperature in the glycerol based electrolyte containing dipotassium 
phosphate (K2HPO4) to produce Nb2O5 nanochannelled films. Both anodized films 
were investigated as a photoanode in DSSCs and it revealed that the impurity of the 
films had a significant effect on the performance of the cells. Finally, in the fourth 
stage, prompted by the structure stability of Nb2O5 nanochannelled films on FTO, the 
PhD candidate applied similar anodization approach in the third stage to synthesize 
thick nanochannels film on Nb foil. She successfully fabricated DSSCs based on 
different thicknesses of Nb2O5 nanochannelled films ranging from 5 to 25 μm.  
The major outcomes in each stage of this research are summarized in the 
following section. 
7.1.1 Stage 1 
 In the first stage of the research, at the time of this work, the number of 
reports on gas sensors based on Nb2O5 nanostructures (especially on 
anodized nanostructured Nb2O5 films) was significantly lower than other 
metal oxides such as SnO, ZnO and TiO2. The PhD candidate’s effort to 
tackle such an issue resulted in the development of Nb2O5 nanoporous vein-
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like networks based H2 gas sensors. To the best of the PhD candidate’s 
knowledge, this was the first research to develop H2 gas sensors using such 
unique film structures.  
 The PhD candidate synthesized Nb2O5 nanoporous films using a novel 
electrochemical anodization technique of Nb foils in an electrolyte based 
ethylene glycol containing a small amount of NH4F and deionized water at 
elevated temperatures. Based on the optimized anodization process, the 
PhD candidate synthesized two different thicknesses of Nb2O5 nanoporous 
films (1 and 2 μm thick) by controlling the anodization duration. From the 
material characterizations, the PhD candidate revealed that there was no 
embedded fluoride doping effect in that films. 
 The PhD candidate fabricated the Schottky based H2 gas sensors based on 1 
and 2 μm thick of Nb2O5 nanoporous films and the sensing films were 
coated with platinum (Pt) catalytic layers. She investigated the sensors in 
H2 gas environment of different concentrations and temperatures.   
 The PhD candidate demonstrated that both gas sensors were able to detect 
H2 gas as low as several ppm and at relatively low operating temperatures 
of 100 ºC. The sensors showed high sensitivity and repeatability, as well as 
fast response and recovery towards different concentrations of H2 gas. 
Overall, both sensors showed fairly similar trends in terms of response and 
recovery time, where the response time was much shorter than the recovery 
time. For the sensing performance comparison, the results showed that the 
1 µm sensor exhibited higher voltage shifts than the 2 µm sensor.  
 The PhD candidate studied the influence of nanoporous film thickness on 
the sensor’s response towards H2 gas by estimating the gas concentration 
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profiles within the nanoporous films using diffusion coefficient and 
Knudsen equations. From the obtained results, the PhD candidate suggested 
that in both 1 and 2 µm thick films almost only the top sections of the 
layers interact with the gas. As such, a much larger portion of the 2 µm 
thick film was not affected by the gas molecules and the relative change in 
the response of the 2 µm film was less than the 1 µm film. 
 
7.1.2 Stage 2 
 For the first time, the PhD candidate developed LIBs based on Nb2O5 
nanoporous vein-like networks, with thicknesses of ~4 μm by 
electrochemical anodization of Nb foils using similar anodization approach 
as in stage 1. These LIBs could operate at relatively safe operating voltage 
potentials with superior capacity at high charge-discharge rates for several 
hundred cycles. 
 The PhD candidate also found that, at the very high current density of 
2.6 Ag
−1
, the reversible discharge capacities were 141 mAhg
−1
 (cut-off 
voltage of 1.0 - 3.0 V) and 134 mAhg
−1
 (cut-off voltage of 1.2 - 3.0 V), 
respectively, providing the acceptable highest reported rate performance 
ever reported for LIBs based on Nb2O5. 
 The PhD candidate also fabricated LIBs based on commercial Nb2O5 as a 
benchmark and compared their performance with the anodized Nb2O5 
based LIBs. Based on the results from a comprehensive set of experiments, 
the PhD candidate ascribed the remarkable performance of LIBs based on 
nanoporous vein-like networks to their well-defined channels and relatively 
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free from the embedded impurity defects, which facilitate the fast diffusion 
of lithium ions and continuous directional pathways for fast electron 
transfer. 
 
7.1.3 Stage 3 
 In the third stage of this PhD research, the PhD candidate demonstrated the 
synthesis of thick anodized Nb2O5 nanoporous and nanochannelled films up 
to ~7 µm on FTO coated glass substrates for the first time. To obtain the 
nanoporous films, the PhD candidate conducted the anodization of RF 
sputtered Nb films on FTO substrates using a similar method presented in 
stage 1. Meanwhile, for forming the Nb2O5 nanochannelled films on FTO, 
the PhD candidate carried out the anodization method that has been 
previously suggested by other groups as described in Chapter 5 and 6. 
 The Nb2O5 nanoporous and nonporous films were characterized by various 
techniques. The X-ray photoelectron spectroscopy (XPS) spectra detected 
lower peaks of potassium (~2.7%) and phosphorus (~1.8%) in the Nb2O5 
nanochannelled films. However, the Nb2O5 nanoporous films seemed to be 
void of any detectable impurities. 
 The PhD candidate observed that the ~7 µm thick Nb2O5 nanoporous films 
appeared to be slightly cracked after annealing and only partially 
crystallized when a lower temperature was applied. The Nb2O5 nanoporous 
films with 3 to 5 µm thickness and all samples of Nb2O5 nanochannelled 
films were still maintained and fully crystalline after the annealing process.  
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 For the first time, the PhD candidate developed the DSSCs based on ~5 µm 
thick anodized Nb2O5 films on FTO. Even though the Nb2O5 nanoporous 
films had lower surface areas and dye coverage compared to Nb2O5 
nanochannels films, the investigation conducted by the PhD candidate 
demonstrated that the DSSCs based on Nb2O5 nanoporous films exhibited 
power conversion efficiency of 3.45%, which was 57% higher than that of 
the DSSCs based on nanochannelled films.  
 The PhD candidate believed that the high efficiencies of DSSCs based on 
Nb2O5 nanoporous films were prompted by the combination of their 
reduced electron scattering, wider bandgap and higher conduction band 
edge, as well as longer effective electron lifetime, which demonstrated from 
the photovoltage decay and electrochemical impedance spectroscopy (EIS) 
measurements. 
 However, the limitation of thickness inherited by Nb2O5 nanoporous films 
remained as a hurdle to higher performance of DSSCs by not allowing 
thicker crystalline nanoporous films of more than ~5 µm. 
 
7.1.4 Stage 4 
 In this final stage, the PhD candidate applied the anodization method in 
stage 3 to synthesize thick anodized Nb2O5 nanochannelled films on Nb foil 
with thicknesses ranging from 5 to 25 µm using a glycerol based electrolyte 
containing K2HPO4 at at a relatively high temperature of 180 ºC. The PhD 
candidate also observed both potassium (K2p) and phosphorus (P2p) traces 
in the XPS spectra of nanochannelled films. 
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 The PhD candidate for the first time developed the DSSCs based on 
anodized Nb2O5 nanochannelled films, with remarkable surface-to-volume 
ratio demonstrated high dye loading for the photoanodes, which identified 
by UV-Vis measurements. 
 From the investigation, the PhD candidate revealed that the DSSC based on 
a 10 μm thick nanochannelled film had a superior performance in 
comparison to other thicknesses, with a conversion efficiency of 4.48 % 
and the fill factor of 39.8 %.  
 Based on detailed characterizations using photovoltage decay and EIS, the 
results showed that by increasing the photoanode thickness relatively 
shorter electron lifetime and faster electron recombination were obtained. 
This might be associated to the increase of the path lengths for the injected 
free charge carriers scattering effect due to the embedded structural 
impurities within the photoanodes. 
 This PhD work clearly showed the importance of minimizing the embedded 
defect states during the anodization process in order to produce high quality 
Nb2O5 that could enhance the photoconversion of DSSCs as well as 
performance of other applications. 
 
7.2 Journal publications 
The PhD candidate successfully fulfilled the objectives of the PhD project by 
developing hydrogen gas sensors, LIBs and DSSCs based on anodized 
nanostructured Nb2O5 films. The outcomes of the PhD project resulted in seventeen 
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journal publications by the author of this thesis (four as the first author). The list of 
author’s scientific manuscripts is as follows: 
1) R. Abdul Rani, A. S. Zoolfakar, J. Subbiah, J. Z. Ou, and K. Kalantar-zadeh, 
“Highly ordered anodized Nb2O5 nanochannels for dye-sensitized solar 
cells”, Electrochemistry Communications, 2014, 40, 20-23. 
2) R. A. Rani, A. S. Zoolfakar, J. Z. Ou, R. Ab. Kadir, H. Nili, K. Latham, S. 
Sriram, M. Bhaskaran, S. Zhuiykov, R. B. Kaner and K. Kalantar-zadeh, 
“Reduced impurity-driven defect states in anodized nanoporous Nb2O5: the 
possibility of improving performance of photoanodes”, Chemical 
Communications, 2013, 49, 6349-6351. 
3) R. A. Rani, A. S. Zoolfakar, J. Z. Ou, M. R. Field, M. Austin and K. 
Kalantar-zadeh, “Nanoporous Nb2O5 hydrogen gas sensor”, Sensors and 
Actuators B: Chemical, 2013, 176, 149-156. 
4) R. Abdul Rani, A. S. Zoolfakar, A. P. O’Mullane, M. Austin, K. Kalantar-
zadeh, “Thin Films and Nanostructures of Niobium Pentoxide: Fundamental 
Properties, Synthesis Methods and Applications”, Journal of Materials 
Chemistry A, 2014. 
5) M. M. Rahman, R. A. Rani, A. Z. Sadek, A. S. Zoolfakar, M. R. Field, T. 
Ramireddy, K. Kalantar-zadeh and Y. Chen, “A vein-like nanoporous 
network of Nb2O5 with a higher lithium intercalation discharge cut-off 
voltage”, Journal of Materials Chemistry A, 2013, 1, 11019-11025. 
6) J. Z. Ou, R. A. Rani, M. H. Ham, M. R. Field, Y. Zhang, H. Zheng, P. Reece, 
S. Zhuiykov, S. Sriram, M. Bhaskaran, R. B. Kaner, K. Kalantar-Zadeh, 
“Elevated temperature anodized Nb2O5: A photoanode material with 
141 
 
exceptionally large photoconversion efficiencies”, ACS Nano, 2012, 6, 4045-
4053. 
7) R. Ab Kadir, Z. Li, A. Z. Sadek, R. Abdul Rani, A. S. Zoolfakar, M. R. 
Field, J. Z. Ou, A. F. Chrimes, K. Kalantar-zadeh, “Electrospun granular 
hollow SnO2 nanofibers hydrogen gas sensors operating at low 
temperatures”, The Journal of Physical Chemistry C, 2014, 118, 3129-3139. 
8) D. D. Yao, R. A. Rani, A. P. O’Mullane, K. Kalantar-zadeh, and J. Z. Ou, 
“High performance electrochromic devices based on anodized nanoporous 
Nb2O5”, The Journal of Physical Chemistry C, 2014, 118, 476–481. 
9) A. S. Zoolfakar, R. A. Rani, A. J. Morfa, S. Balendhran, A. P. O'Mullane, S. 
Zhuiykov and K. Kalantar-zadeh, “Enhancing the current density of 
electrodeposited ZnO-Cu2O solar cells by engineering their heterointerfaces”, 
Journal of Materials Chemistry, 2012, 22, 21767-21775. 
10) A. S. Zoolfakar, R. Ab Kadir, R. A. Rani, S. Balendhran, X. Liu, E. Kats, S. 
K. Bhargava, M. Bhaskaran, S. Sriram, S. Zhuiykov, A. P. O'Mullane and K. 
Kalantar-zadeh, “Engineering electrodeposited ZnO films and their 
memristive switching performance”, Physical Chemistry Chemical Physics, 
2013, 15, 10376-10384. 
11) A. S. Zoolfakar, M. Z. Ahmad, R. A. Rani, J. Z. Ou, S. Balendhran, S. 
Zhuiykov, K. Latham, W. Wlodarski and K. Kalantar-zadeh, “Nanostructured 
copper oxides as ethanol vapour sensors”, Sensors and Actuators B: 
Chemical, 2013, 185, 620-627. 
12) J. Z. Ou, S. Balendhran, M. R. Field, D. G. McCulloch, A. S. Zoolfakar, R. 
A. Rani, S. Zhuiykov, A. P. O'Mullane and K. Kalantar-zadeh, “The 
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anodized crystalline WO3 nanoporous network with enhanced electrochromic 
properties”, Nanoscale, 2012, 4, 5980-5988. 
13) J. Z. Ou, R. A. Rani, S. Balendhran, A. S. Zoolfakar, M. R. Field, S. 
Zhuiykov, A. P. O'Mullane and K. Kalantar-zadeh, “Anodic formation of a 
thick three-dimensional nanoporous WO3 film and its photocatalytic 
property”,  Electrochemistry Communications, 2013, 27, 128-132. 
14) K. Szpakolski, K. Latham, C. Rix, R. A. Rani, and K. Kalantar-zadeh, 
“Silane: A new linker for chromophores in dye-sensitised solar cells”, 
Polyhedron, 2013, 52, 719-732. 
15) R. Ab Kadir, R. Abdul Rani, A. S. Zoolfakar1, J. Z. Ou, M. Shafei, W. 
Wlodarski1 and K. Kalantar-zadeh, “Nb2O5 Schottky based ethanol vapour 
sensors: effect of metallic catalysts”, Sensors and Actuators B-Chemical, 
2014, 202, 74-82. 
16) A.S. Zoolfakar, R. A. Rani, A. J. Morfa, A.P. O’Mullane and K. Kalantar-
zadeh, “Copper oxide semiconductors: a perspective on materials, synthesis 
methods and applications”, Journal of Materials Chemistry C, 2014, 2, 5247-
5270.   
17) D. D. Yao, R. A. Rani, A. P. O’Mullane, K. Kalantar-zadeh, and J. Z. Ou, 
“Enhanced coloration efficiency for electrochromic devices based on 
“anodized Nb2O5 / electrodeposited MoO3 binary systems,” The Journal of 
Physical Chemistry C, 2014, 118, 10867-10873. 
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7.3 Presentations at international conferences 
In addition to the journal publications, the author had also the opportunity to present 
her work in several prestigious international conferences.  The title of the 
presentations and list of the conferences are as follows:  
 R. A. Rani, J. Z. Ou, Y. Zhang, M. Bhaskaran, S. Sriram, A. S. Zoolfakar, K. 
Latham and K. Kalantar-zadeh, “Synthesize of highly-ordered porous 
niobium oxide films by chemical anodization techni ue”, Australia-India 
Joint Symposium on Smart Nanomaterials in Victoria 2011, November 2011, 
Melbourne, Australia 
 R. Abdul Rani, J. Z. Ou, M. H. Ham, Y. Zhang, A. S. Zoolfakar, M. 
Bhaskaran, S. Sriram, K. Latham and K. Kalantar-Zadeh, “Synthesis and dye-
sensitized solar cells performance of crisscross porous network Nb2O5”, 
International Conference on Electronic Materials (IUMRS-ICEM 2012) 
September, 2012, Yokohama, Japan 
 R. A. Rani, A. S. Zoolfakar, and K. Kalantar-zadeh, “Nanotubular Nb2O5 
photoanode anodized in phosphate-organic solvent for dye-sensitized solar 
cells application”, 7th International Conference on Advanced Materials 
Technologies (ICMAT 2013), June 2013, Singapore 
 A. S. Zoolfakar, R. A. Rani, A. J. Morfa, S. Balendhran, A. P. O'Mullane, S. 
Zhuiykov and K. Kalantar-zadeh, “Effect of sputtered ZnO seed layer on the 
performance of electrodeposited ZnO/Cu2O heterojunction solar cells”, 
International Conference on Electronic Materials (IUMRS-ICEM 2012) 
September, 2012, Yokohama, Japan 
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 A.S. Zoolfakar, R. A. Rani, A. J. Morfa, A.P. O’Mullane and K. Kalantar-
zadeh, “Nanostructured copper oxides as ethanol vapour sensors”, 7th 
International Conference on Advanced Materials Technologies (ICMAT 
2013), June 2013, Singapore 
 
7.4 Recommendations for future work 
Despite the accomplishments attained in this PhD project, the PhD candidate has 
identified several other areas of interests, which has tremendous research potential 
that can be recommended for expanding her research. As a result, the author presents 
the following as the future outlook of this research: 
 As mentioned in Chapter 1, limited research has been conducted using 
anodized nanostructured Nb2O5 films. This is due to the challenging task of 
obtaining a unique and suitable Nb2O5 morphology for particular applications 
to be developed via anodization methods. However, it is worthy to explore 
more varieties of anodized Nb2O5 using other electrolyte compositions such 
as NaBF4 instead of NH4F and K2HPO4 or by altering the anodization process 
parameters, since most of the anodized films offer great films properties that 
enable performance enhancements for the devices and systems based on 
them. 
 In this PhD project, the anodized nanoporous Nb2O5 based Schottky devices 
only tested for hydrogen gas sensing and showed remarkable performance. It 
is interesting to further investigate the capability of these sensors by 
examining them under different gas environments such as different volatile 
organic compounds, carbon oxides and hydrocarbons. The outcomes of this 
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investigation can be potentially used for developing gas sensors with high 
selectivity and multi-gas detection ability.  
 It is beneficial to investigate the influence of the surface modifications of the 
gas sensing films by incorporating other catalytic metals such as palladium 
and gold that could improve gas sensitivity of the anodized nanoporous 
Nb2O5 based Schottky devices. The catalytic metals can enhance the target 
gas dissociation onto the gas sensitive layers and they also have different 
work functions that may contribute to different sensing performances. Such 
catalysts should be incorporated in future investigations.  
 As presented in Chapter 4, anodized Nb2O5 vein-like nanoporous network 
based LIBs demonstrated high device performance due to its well-defined 
structures that facilitated the fast transfer of Li
+
 ions and also provided 
continuous pathways for fast transfer of electrons. It is believed that, the 
utilizations of Nb2O5 nanochannels as an electrode of LIBs can significantly 
produce superior LIBs, owing to the excellent structural morphologies with 
highly order channels provided by the films. 
 The main constraining factors of the DSSCs based on the anodized Nb2O5 
films were identified to be the limited film thicknesses and embedded 
impurity defects, which resulted in low efficiency of DSSCs. The PhD 
candidate suggests to conduct the synthesis of Nb2O5 films in the anodization 
electrolyte containing [BF4]
−
 to induce a reduced chemical dissolution 
condition during the anodization process [1]. This approach is believed to 
help growing thick anodized Nb2O5 films without significant embedded 
impurity defects.  
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 It is beneficial to implement the anodized Nb2O5 nanoporous and 
nanochannelled films for other applications such as electrochromic devices 
and memristors. 
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